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ABSTRACT 
 
THE ONTOGENY OF FEEDING BEHAVIOR OF 
NICARAGUAN MANTLED HOWLER MONKEYS (ALOUATTA PALLIATA) 
 
Melissa L. Raguet-Schofield, Ph.D. 
Department of Anthropology 
University of Illinois at Urbana-Champaign, 2010 
Steven Leigh, Advisor 
 
This thesis is an investigation of the relationship between diet and life history in 
Primates.  The goal of this research is to evaluate the hypothesis that accelerated growth and 
maturation schedules of folivorous primates enable these species to rapidly attain the ability to 
masticate and digest mechanically demanding leaf resources. 
In order to determine how dietary patterns underlie the evolution of primate life history 
strategies, I conducted a year-long study on the acquisition of foraging proficiency in juvenile 
mantled howler monkeys (Alouatta palliata) inhabiting La Isla de Ometepe, Nicaragua (11°40' 
N, 85°50' W).  I predicted that juveniles are less efficient foragers than adults, that juvenile and 
adult diets differ, that juveniles rely on their mothers’ milk during periods of seasonal food 
stress, and that juvenile mortality increases when tough resources are an important dietary 
component.  To evaluate these predictions, I followed two groups of mantled howler monkeys—
collecting behavioral data on juveniles, adult females, and adult males—and I quantified the 
toughness of the leaves they consumed.  Results indicate that juveniles were less efficient 
foragers than adults:  juveniles spent more time foraging relative to the time they spent feeding, 
and juveniles devoted a greater proportion of their day to foraging than did adults.  Juvenile and 
adult diets were similar, in terms of gross dietary category and plant species consumed; however, 
juveniles consumed a diet that was lower in overall toughness than was adults’.  Milk served as a 
“fallback” food for juveniles during the dry season when food availability was limited and 
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howlers increasingly relied on tough resources.  Nonetheless, juvenile mortality rate increased:  
half of all juveniles died or disappeared during this time. 
These results support the initial hypothesis that the accelerated growth rate of folivorous 
primates is related to dietary toughness.  Although juveniles adopted an adult-like diet early in 
their ontogeny, their inefficient foraging, lower toughness profile, extended reliance on maternal 
milk, and increased mortality rate during periods of dietary stress indicates that they struggled 
with the transition to dietary independence.  Growing quickly throughout the juvenile period may 
be a life history strategy that howlers evolved to minimize mortality risks prior to reproduction.  
Moreover, howlers begin consuming solid food early in their ontogeny while still continuing to 
nurse, particularly during times of dietary stress.  This early intake of solid food reduces 
mothers’ energetic costs to current offspring and enables them to rapidly shift their energy 
investment to future offspring.   
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CHAPTER 1:  INTRODUCTION 
1.1  Introduction 
 This thesis investigates the relationship between diet and the pace of development in 
primates in order to determine how feeding and foraging patterns underlie the evolution of 
primate life history strategies.  The proximate goal of this research is to evaluate the hypothesis 
that the accelerated growth rate of folivorous primates (Leigh, 1994) enables these species to 
rapidly and efficiently meet the masticatory and digestive demands of a leaf-based diet.  
Although many primate species consume leaves, folivorous primates rely on leaves as a major 
dietary component, and they typically have dental, anatomical, or behavioral traits that facilitate 
the acquisition and processing of foliage (Fleagle, 1999; Strier, 2003).  For this research, I 
investigate the ontogeny of feeding behavior in mantled howler monkeys (Alouatta palliata), a 
New World primate that devotes between 45% to 71% of its annual feeding time to leaves 
(Glander, 1978; Milton, 1980; Estrada, 1984; Estrada and Coates-Estrada, 1986; Stoner, 1996) 
and that reaches sexual maturation more rapidly than similarly sized, closely related frugivorous 
species (Froehlich et al., 1981; Glander, 1980; Martins and Strier, 2004; Milton, 1981; 
Nishimura, 2003; Strier, 1996).    
In broader terms, this thesis evaluates two existing models of life history evolution and 
determines whether either of these theoretical perspectives can accurately explain primate 
developmental and reproductive strategies.  According to the “fast versus slow” model, life 
history traits are tightly integrated features that proceed along a trajectory that is either uniformly 
fast or uniformly slow (Charnov and Berrigan, 1993; Harvey and Clutton-Brock, 1985; Harvey 
et al, 1987; Promislow and Harvey, 1990; Read and Harvey, 1989; Ross, 1988; 1992; 1998; 
Sacher, 1959; Sacher and Staffeldt, 1974).  In contrast, the modular viewpoint of life history 
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regards developmental traits as separate, dissociable features that may vary independently of one 
another (Leigh and Blomquist, 2007; Pereira and Leigh, 2002; Leigh and Bernstein, 2006; Raff, 
1996; Williams, 1966a).  The ultimate goal of this thesis is to determine whether or not mantled 
howler life history is consistent with either theoretical framework. 
In this chapter I discuss life history theory and elaborate on the aforementioned models 
that attempt to account for the evolution of various life history strategies.  I then present the goals 
of the thesis, describe each of the predictions that the following chapters will address, and 
provide evidence why I expect these predictions to be met.  Finally, I summarize the thesis in a 
chapter-by-chapter outline.  
 
1.2  Life History  
 Life history refers to the sequence of developmental or reproductive events that occur 
throughout an individual’s lifetime and includes traits such as growth rate, age at weaning, age at 
sexual maturation, interbirth interval, and lifespan (Brommer, 2000; Lande, 1982; Leigh and 
Blomquist, 2007; Roff, 2002; Ross, 1998; Stearns, 1977, 1992).  Because life history traits 
influence reproduction and respond to natural selection, they can be considered adaptations in the 
same sense as morphological features or behavioral patterns (Cole, 1954; Roff, 2002; Stearns, 
1992).  In evolutionary terms, an adaptation is expected to lower the amount of energy an 
organism expends during a particular activity (Bock and von Wahlert, 1965; Nicholson, 1960) 
and enable organisms to utilize environmental resources more effectively and efficiently 
(Nicholson, 1960).  Consequently, the population can be represented in greater numbers than if 
the adaptation were not present (Nicholson, 1956; Williams, 1966a).  Whether adaptations 
involve morphology, behavior, or life history traits, they are expressed at some point during an 
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individual’s ontogeny (sensu Nicholson, 1960; Raff, 1996); therefore, the study of organisms 
throughout their growth and development is essential for answering questions concerning 
fundamental evolutionary processes.   
Life history theory formalizes the relationship between evolutionary fitness and patterns 
of development (Cole, 1954; Stearns, 1992; Roff, 2002; Blomquist, 2007; Leigh and Blomquist, 
2007).  This theoretical construct recognizes that selection does not act equally on all periods of 
an individual’s lifetime (Williams, 1957, 1966a; Leigh and Blomquist, 2007) and that some 
adaptations may favor one time period even while proving to be detrimental to another (i.e., 
antagonistic pleiotropy: Williams, 1957; 1966a).  Williams (1966a) established the relationship 
between life history and adaptation by explaining that selection acts not only on the adult 
phenotype, but throughout an individual’s ontogeny “to maximize ecological adaptation in every 
stage” (1966a: 89).  Following Williams’ (1966a) framework, evolutionary fitness ultimately 
depends on two major factors:  1) behavioral or morphological responses to selection during life 
history stages that are the most crucial to reproductive success, and 2) optimizing the pace of 
development, which may include rapid completion of periods that involve high mortality risks 
(Williams, 1966a). 
Altmann (1998) extended Williams’ (1996a) theoretical model of life history and 
adaptation to primates with his longitudinal study on yellow baboons (Papio cynocephalus) at 
Amboseli National Park, Kenya.  Resulting from his 20 years of research, Altmann (1998) found 
that lifetime reproductive fitness was best predicted by the quality of diet (in terms of energy and 
protein content) that an animal consumed during the weaning process, from approximately 30 to 
70 weeks of age.  For females, dietary quality during this early life stage correlated with several 
measures of lifetime reproductive success, including: increases in fecundity, yearling production, 
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individual survivorship, and the length of the reproductive period, and a decrease in the age at 
first conception (Altmann, 1998).  Altmann (1998) therefore concluded that by the time a female 
baboon is weaned (at about 70 weeks of age), her lifetime reproductive fitness has been 
established:  if she has fallen short of protein and energy requirements up to this point, any 
dietary improvement after 70-weeks is unlikely to affect her fitness positively.  These results are 
significant because they reveal that early foraging competence is a fundamental predictor of an 
individual’s lifetime reproductive fitness.  Moreover, Altmann’s (1998) study unambiguously 
establishes that research on juveniles is imperative for answering evolutionary questions. 
 
1.3  Fast versus slow continuum and dissociability 
 Much research on primate life history (e.g., Charnov and Berrigan, 1993; Harvey and 
Clutton-Brock, 1985; 1987; Ross, 1988; 1992) has operated under the theoretical paradigm that 
life history traits are tightly integrated and either uniformly fast or uniformly slow.  For example, 
Harvey and Clutton-Brock (1985) and Harvey et al. (1987) found that in primates, most life 
history variables correlate tightly with one another and that these variables are highly associated 
with body size as well as brain size.  For mammals in general, Sacher (1959) and Sacher and 
Staffeldt (1974) regard brain size as the pacemaker for development and lifespan.  Mortality 
rates have also been implicated in setting the pace of a species’ life history trajectory.  Read and 
Harvey (1989) and Promislow and Harvey (1990) determine that mortality patterns (particularly 
those of juveniles) are more accurate predictors than body or brain size alone of whether 
mammalian species have a “fast” or “slow” life history.  In seeking to explain why primates have 
such “slow” life histories relative to other mammals, Charnov and Berrigan (1993) theorize that 
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low mortality rates and long lifespans are necessary in order for natural selection to favor the 
slow growth and delayed reproduction that characterizes the Primate Order.   
While such research importantly demonstrates the correlations among body size, brain 
size, mortality patterns, and life history parameters, these studies largely overlook Williams’ 
(1957; 1966a) initial finding that the rate of development need not be uniform and that selection 
may act differently at different points in an individual’s lifetime.  Developmental and 
evolutionary biologists have long since recognized that various aspects of development (such as 
growth, differentiation of tissues and organ systems, and metabolic processes) are modular, or 
dissociable, from one another throughout ontogeny (Bolker, 2000; Gould, 1977; Needham, 1933; 
Raff, 1996; Raff and Raff, 2000; Wagner, 1996); however, this perspective remains limited in 
the literature on primate life history evolution.  Some notable exceptions to the fast versus slow 
viewpoint include Pereira and Leigh (2002), Leigh and Bernstein (2006), and Leigh and 
Blomquist (2007).  For example, Leigh and Blomquist (2007) reanalyze primate life history traits 
and show that after controlling for phylogeny, many of the correlations initially highlighted by 
Harvey et al. (1987)—such as that between body mass and age at first reproduction—are greatly 
diminished.  Moreover, Leigh and Bernstein (2006) determine that in baboons, brain growth, 
skeletal and body mass maturation, and dental eruption schedules vary independently from one 
another.  These data demonstrate that life history traits are not necessarily tightly integrated 
systems and therefore call into question the concept of the fast versus slow continuum.   
Previous research on mantled howler development also offers some support for 
dissociability of life history features.  Although howlers follow the general folivorous primate 
trend of having a rapid growth rate and earlier age at sexual maturation compared to closely 
related species (Leigh, 1994), not all aspects of their life history are uniformly accelerated.  For 
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example, Bezanson (2006) found that mantled howler locomotor proficiency lags behind that of 
the more slowly maturing white-faced capuchin monkey (Cebus capucinus).  The present 
research on the ontogeny of mantled howler feeding and foraging behavior ultimately helps 
determine which—if either—of these theoretical models can explain the howler life history 
strategy. 
 
1.4  Goals of thesis 
The overall goal of this thesis is to determine the role of diet and foraging tactics in the 
evolution of primate life histories.  I accomplish this goal by investigating whether or not 
patterns of growth and maturation in folivorous primates are an evolutionary adaptation for 
coping with the masticatory and digestive demands of a leaf-based diet.  Previous research on 
captive primates has shown that folivorous anthropoids (n= 8 species) establish rapid growth 
rates early in their ontogeny and reach maturation at a younger age than closely related, more 
frugivorous species (n= 34 species) (Leigh, 1994).  Moreover, folivorous primates (both 
anthropoid and strepsirhine) have an accelerated dental maturation schedule compared to their 
more frugivorous relatives (see Chapter 2: Dirks et al, 2003, Godfrey et al, 2001; 2003; Harvati, 
2000).  While these studies suggest that rapid growth and early dental maturation may be linked 
to the challenges posed by a diet containing tough or fibrous resources, few have directly 
investigated the ontogeny of juvenile feeding behavior in folivorous species (but see Harcourt et 
al., 1981; Watts, 1985, 1991).  In light of Altmann’s (1998) finding that early dietary proficiency 
ultimately establishes lifetime reproductive fitness, such research on folivorous species is 
imperative for understanding the evolution of life histories and dietary patterns. 
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This thesis also addresses the pace of development in order to determine whether or not 
either the fast versus slow continuum or the modular framework can adequately characterize 
primate life history strategies.  Ideally, the manner by which to distinguish these two 
perspectives would be to investigate many life history parameters and compare the results across 
a range of species.  With data on just one species, there is no frame of reference for determining 
whether traits are “fast” or “slow.”  However, this problem can be obviated by intense 
investigation of one species’ life history.  According to a strict interpretation of the fast versus 
slow model, all life history traits should be tightly integrated and proceed at a uniform rate (e.g. 
Harvey and Clutton-Brock, 1985; Harvey et al., 1987; Read and Harvey, 1989; Ross, 1988).  
This concept of integration and uniformity indicates that processes (such as weaning) should 
have a consistent rate of decline (e.g., either quickly or slowly) and the transitions between 
events should be abrupt rather than incremental or involving reversions.  In the present study I 
determine how howlers negotiate the transition from milk to a solid food diet by examining the 
weaning process and juvenile dietary patterns and foraging behaviors.  The fast versus slow 
model would predict that milk consumption declines consistently and occurs concurrently with 
the adoption of adult-like feeding and foraging patterns.  In contrast, finding that nursing time 
does not necessarily involve a steady rate of decline, that juveniles’ dietary patterns differ from 
those of adults, and that juveniles cannot forage as proficiently as their adult counterparts would 
support a more modular view of development. 
 Another central theme of this thesis is seasonality, or annual cyclical variation in climatic 
conditions (van Schaik and Brockman, 2005).  Primates that live in highly seasonal 
environments may be required to alter their activity patterns (for example, reducing their energy 
expenditure) or shift their diets to lower energy resources, such as fallback foods, in response to 
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fluctuations in food availability (Hemingway and Bynum, 2005; Marshall and Wrangham, 2007; 
van Schaik and Brockman, 2005).  Most simply defined, fallback foods are the resources that 
primates consume when overall food availability is low; however, Marshall and Wrangham 
(2007) elaborate on this definition by providing additional specifications.  More precisely, they 
consider fallback foods to be those that are used during periods of reduced food availability, are 
of poor nutritional quality but high abundance, are negatively correlated with the consumption of 
preferred foods, are highly important seasonally, and are associated with digestive or masticatory 
adaptations for processing (Marshall and Wrangham, 2007).   
This thesis questions Marshall and Wrangham’s (2007) stringent concept of fallback 
foods by investigating whether or not juveniles and adults employ different tactics when 
resources become scarce.  van Schaik and Brockman (2007) argue that larger-bodied animals can 
shift to low quality fallback foods more easily than smaller bodied animals because a large body 
size generally correlates with a larger gut size (and increased time for nutrient extraction), while 
also requiring lower relative energy input.  Therefore, juveniles—with their smaller body size 
and relatively increased metabolic requirements (Brody, 1945; Robbins, 1993)—may be unable 
to meet their nutritional needs during seasonal periods when higher quality foods are unavailable.  
In some primate species, juveniles’ inability to shift to lower quality resources is evidenced by an 
increase in juvenile mortality rate during periods of food stress (Bolter and Zihlman, 2006).  For 
example, Froehlich et al. (1981) argue that in 1970, a fruit crop failure and subsequent shift to a 
leaf-based diet decimated a population of juvenile howler monkeys (who were approximately 1 
year old and either weaned or approaching weaning) on Barro Colorado Island, Panama.  
Froehlich et al. (1981) maintain that the high mortality rate of juveniles compared to adults 
resulted from juveniles’ inability to meet their nutritional requirements and detoxify the chemical 
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compounds present in a diet that consisted nearly entirely of leaves.  This dissertation 
investigates whether or not juvenile feeding and foraging inadequacies are exacerbated during 
seasonal periods of resource scarcity and what behavioral or developmental strategies—such as 
continued reliance on maternal milk as a “fallback food”—may have evolved in order to enable 
juveniles to cope with these fluctuations in resource availability.  
 
1.5  Hypothesis and Predictions   
This thesis examines the acquisition of foraging competence in Nicaraguan mantled 
howler monkeys (Alouatta palliata), a relatively rapidly growing, folivorous ateline primate 
(Froelich et al., 1981) that inhabits a seasonal environment in terms of rainfall and food 
availability (Salas Estrada, 1993).  I hypothesize that accelerated maturation in mantled howlers 
is an adaptation that enables the rapid completion of a risky developmental period (from weaning 
to adulthood) during which a diet containing tough or fibrous resources poses serious challenges 
to juveniles.  Moreover, I determine whether the howler life history strategy involves uniform 
acceleration (i.e., all aspects of development are tightly integrated and proceed relatively rapidly) 
or whether certain life history features (such as weaning, foraging proficiency, and dietary 
independence) are dissociable and not necessarily tightly integrated in an either fast or slow 
trajectory.  In this study (following Glander, 1980:  see Chapter 3), I define young juveniles as 
individuals who have reached locomotor independence and who have begun the weaning process 
but still continue to nurse (from approximately 6 to 12 months of age).  Old juveniles remain 
sexually immature but are completely weaned (beginning around 12 months of age).  In order to 
test this hypothesis, I compare feeding and foraging behaviors between adults and juveniles 
(particularly young juveniles), determine when juveniles adopt an adult-like diet, establish 
! 10!
whether or not food scarcity occurs during certain seasons, and if so, how juveniles and adults 
respond to fluctuations in resource availability.  I present information on the mechanical 
properties of the mantled howler diet, whether or not toughness differences exist in the foods 
consumed by juveniles and adults, and what types of adaptations (i.e., anatomical, behavioral) 
juveniles have evolved in response to dietary demands.  
1.5a:  Prediction 1 
If the transition to an adult diet poses challenges to juveniles, my first prediction is that 
juveniles will be less efficient foragers (in terms of daily time spent foraging as well as the ratio 
of feeding time to foraging time) than adults.  As a result of foraging inadequacies, I expect to 
find that juveniles allocate more time per day to foraging than adults do, and also that juveniles 
have a higher forage to feed ratio.  A mechanically challenging or tough diet may require that 
juveniles spend increased time foraging (i.e., searching for appropriately fragile foods), both 
relative to adults and relative to the amount of time that they spend feeding.  If seasonal dietary 
shifts exacerbate juvenile feeding and foraging inadequacies, I expect to find evidence of 
reduced feeding rates or increased foraging effort during the periods when easy to process (i.e., 
fragile) foods are scarce.  Such results would indicate that life history traits are dissociable—
although howlers have rapid growth rate, their acquisition of feeding and foraging proficiency 
does not necessarily follow a similarly accelerated and integrated trajectory. 
Conversely, if dietary toughness fails to influence juvenile foraging behaviors negatively, 
one of two scenarios may provide an explanation. The first possibility is that adult and juvenile 
activity profiles are indistinguishable—with juveniles expending no additional foraging effort 
relative to adults, regardless of season.  Results supporting this possibility would indicate that 
non-dietary factors, such as infanticide or predation, may underlie rapid maturation in mantled 
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howlers.  Moreover, such results would also indicate a rapid transition to dietary independence 
and support the concept of a tightly integrated, uniformly accelerated life history trajectory.  The 
second possibility is that adult and juvenile activity profiles differ, but that these differences 
result from social (i.e., aggression and exclusion from feeding sites) or developmental (juveniles’ 
inexperience) factors, rather than food toughness.  In this scenario, dietary competence may still 
underlie rapid maturation and an overall dissociable life history trajectory, but toughness itself 
does not ultimately explain howler developmental patterns. 
1.5b:  Prediction 2 
Secondly, I predict that adult and juvenile diet and feeding behaviors differ.  I expect that 
either 1) juveniles avoid tough leaves contained in the adult diet, or 2) if juveniles do consume 
tough leaves, they process these resources differently.  With regard to the latter, juveniles may 
increase processing time, bite the resource with different teeth, or preferentially select less tough 
plant parts, such as leaf tips.  I expect these differences in feeding behavior to be exacerbated if 
there are seasonal periods when tougher resources are an important dietary component.  If these 
expectations are met, results would support a modular, rather than uniform, view of life history.  
Alternatively, if adult and juvenile dietary patterns and food processing techniques are identical 
throughout all seasons, this evidence would fail to support the hypothesis that juveniles face 
nutritional shortfalls in exploiting an adult-like diet and would suggest a more uniformly 
accelerated howler life history trajectory.  In the absence of other mitigating factors (see below), 
this would indicate that rapid maturation is ultimately unrelated to dietary factors.  
1.5c:  Prediction 3 
My third prediction is that, if the toughness of the adult diet prevents juveniles from 
meeting their dietary needs, they should “fall back” to their mothers’ milk, particularly during 
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times of the year when available foods may be too challenging to process.  In this manner, 
juveniles should either increase or maintain nursing during seasonal periods of food scarcity, and 
they should cease or decrease nursing once more palatable foods become readily available.  
Langer (2008) specifies that the weaning process involves a “mixed feeding period”—during 
which juveniles consume independently foraged food but are also supplemented with their 
mother’s milk; therefore, continued reliance on milk may obviate some of the difficulties that 
juveniles experience in achieving foraging proficiency.  Even if juveniles consume adult-like 
foods or have adult-like activity profiles, evidence of falling back to milk would indicate that 
juveniles face nutritional shortfalls in completing the transition to dietary independence and 
confer support for the hypothesis that dietary factors have a role in the evolution of mantled 
howler life history.  Moreover, any evidence indicating that weaning is not a steady process of 
decline (i.e., finding additional nursing peaks as juveniles “fall back” to their mothers’ milk) 
would support a modular viewpoint of life history.  Conversely, if juveniles do not increase their 
reliance on milk during difficult seasons or extend the mixed-feeding period, then this evidence 
would fail to support the hypothesis that dietary factors play a role in the evolution of the 
mantled howler life history.  Finding an abrupt transition to dietary independence or even a 
steady rate of nursing decline (i.e., without “fall back” peaks) would also support the fast versus 
slow life history continuum. 
1.5d:  Prediction 4 
Finally, I predict that if mantled howlers experience periods of food stress and shift to 
lower quality, tougher, resources, juvenile mortality will be increased during these periods.  Food 
stress would be indicated, not only by dietary shifts, but also by a reduced overall food 
availability and increased feeding competition, either within or between groups.  Again, even if 
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juveniles consume an adult-like diet or fall back to their mothers’ milk, elevated mortality would 
suggest that dietary stress compromises their foraging proficiency.  Consequently, the hypothesis 
that dietary factors play a role in mantled howler life history evolution could not be discounted.  
  Support for the four preceding predictions would indicate that the adult diet poses some 
combination of nutritional and foraging challenges to juveniles.  This implies that selection acts 
on howler life history to optimize the pace of development and enable juveniles to develop 
digestive, masticatory, and behavioral specializations rapidly so that they can feed and forage 
effectively on a diet containing tough or fibrous resources. Finding that juveniles forage 
inefficiently, have distinct dietary patterns from adults, or “fall back” to their mothers’ milk 
during seasonal periods of increased resource toughness would support the modular life history 
framework by demonstrating that howler developmental features are dissociable from one 
another as well as from the overall rapid maturation rate of the species.  Alternatively, if 
juveniles feed and forage as efficiently as adults, without  “falling back” to their mothers’ milk 
or experiencing increased mortality, then diet cannot be invoked to explain why folivorous 
primates have evolved rapid maturation rates.  Moreover, a rapid transition from milk to adult-
like feeding and foraging proficiency would indicate that many howler life history parameters 
are uniformly accelerated and provide support for the fast versus slow life history model.   
 
1.6  Challenges during the transition to dietary independence 
Several lines of evidence indicate that juveniles face challenges in transitioning to an 
adult-like diet and that the above predictions will be met.  First of all, craniodental differences 
between adults and juveniles suggest that juveniles' ability to process tough resources is reduced 
compared to that of adults (Thompson et al., 2003).  Generally speaking, the smaller, poorly 
! 14!
developed jaw of mammalian juveniles (puma and hyena: Binder and Van Valkenburgh, 2000; 
opossum: Thompson et al., 2003) reduces bite force and may channel juveniles towards low-
toughness resources (Thompson et al., 2003).  Few studies have directly investigated the 
chewing abilities of juvenile mammals; however, Hamilton and Barclay (1998) find that juvenile 
Eptesicus fuscus bats select softer-shelled insects than do adults, thus lending support to the idea 
that resource mechanical properties may limit juvenile food choices. 
In mantled howlers, features of the jaw and face (including zygomatic width and height, 
symphysis width and height, bizygomatic breadth, ramus height, and length of the temporal 
fossa) scale with positive allometry throughout ontogeny (Ravosa and Ross, 1994).  This scaling 
pattern indicates that these masticatory structures are disproportionately reduced in smaller 
individuals; therefore, juveniles who are beginning to consume solid foods (with a body mass 
approximately 21 to 30% of adult male body mass [Glander, 1980]) and even small adult females 
(approximately 60% adult male body mass [Glander, 1980]) may be unable resist the chewing 
stresses of tough foods and unable to masticate tough resources as efficiently (Ravosa and Ross, 
1994).  Additionally, most cranial sutures in mantled howlers remain partially unfused into early 
adulthood (Jones et al., 2000)—again suggesting that juvenile chewing ability is compromised.  
Immature howlers also lack a full complement of permanent molars (Swindler, 2002; DeGusta 
and Milton, 2003).  Prior to weaning, which is completed by approximately 12 to 15 months of 
age (Clarke, 1982; 1990; Froehlich et al., 1981), young howlers only possess the first molar 
(erupting at around 6 months; DeGusta and Milton, 1998).  The second molars erupt in A. 
palliata between 12 to 24 months of age, and the third molars do not typically erupt until 
adulthood (beginning approximately 42 months in females and 48 months in males) (see Table 
3.3:  DeGusta and Milton, 1998; Glander, 1980).  Without these molars, young juveniles also 
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lack molar shearing crests (including the protocristid, paracristid, and cristid obliqua) (Swindler, 
2002), which function to shred leaves into smaller and more digestible fragments (Kay, 1975).  
The absence of shearing crests on the juvenile dentition strongly suggests that juveniles cannot 
shred leaves as efficiently as adults.  Because weaning is generally completed by 15 months 
(Clarke, 1982; 1990), young howlers must feed independently with an underdeveloped dentition 
for at least 2 years.  The results of these age and size-based differences in teeth, jaws, and cranial 
muscles may require that juveniles: 1) alter the location of food processing (sensu Wright, 2004), 
2) increase the amount of time spent processing tough tissues, or 3) avoid tough food tissues 
altogether. 
The development of the gastrointestinal tract is another feature strongly indicating that 
juveniles—particularly of folivorous species—experience digestive difficulty in the transition to 
an adult diet.  Plant cell walls are comprised primarily of the polysaccharide cellulose, a 
structural carbohydrate that requires the enzyme cellulase for digestion (Alexander, 1993; 
Bauchop, 1978; Eisenberg, 1978; Lambert, 1998).  This cell wall material is a potentially high 
source of energy; however, because no vertebrates possess cellulase, they rely on microbes in 
their digestive tracts to degrade these structural carbohydrates and produce volatile fatty acids 
(VFA) for energy (Alexander, 1993; Lambert, 1998; Bauchop, 1978).  Soon after an animal is 
born, the development of its gut microbiota begins; this development proceeds through several 
complex successions of microbial colonizations until a stable, adult-like gut microbiota 
population is achieved (Bezirtzoglou, 1997; Mackie, 2002; Langer, 2008).  Langer (2008) found 
that, for herbivorous mammals consuming a predominantly high fiber diet, the weaning period 
(while the offspring consumes solid food but is still supplemented with its mother’s milk) is 
often protracted when compared with mammals that consume a diet higher in protein and fat.  
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This extension of the weaning period is likely a result of the more extreme microbial changes 
that must occur in the herbivore digestive system before the animal can entirely subsist on a 
fibrous, adult-like diet (Langer, 2008).  Conversely, when the adult diet is more easily digestible 
(i.e., higher in protein and fat), the ontogenetic changes to the digestive system are not as 
substantial, and the shift from milk to independent feeding can be rapid (Langer, 2008).  
Although the important microbial and digestive tract changes that enable the consumption of an 
adult diet occur during the weaning period, Langer (2008) notes that this ontogenetic stage 
remains a poorly studied aspect of developmental biology. 
This thesis helps to remedy the paucity of data on the weaning stage by investigating how 
maternal investment—and lactation in particular—may mitigate some of the feeding and 
foraging deficiencies that juveniles face.  Unlike many reptiles, birds, and fishes, mammalian 
species can thrive in relatively poor habitats or those that lack a special set of juvenile-specific 
resources (Pond, 1977; 1984).  The ability to colonize such habitats is a result of lactation, which 
provides the juvenile with a readily digestible food source that is directly derived from the adult 
diet but requires no searching or processing on the part of the juvenile (Pond, 1977; 1984).  Pond 
(1977, 1984) proposes that lactation buffers juveniles against food toxicity or fluctuations in the 
quantity and quality of the food supply.  This thesis extends Pond’s (1977, 1984) and Langer’s 
(2003, 2008) framework by investigating how milk may be a type of fallback food for young 
juvenile howlers, enabling them to maintain high dietary quality and sustain a rapid growth rate 
even if the adult diet poses digestive and masticatory challenges. 
 
1.7 Chapter outlines 
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 Chapter 1 has provided the theoretical basis of this research.  I discussed life history 
theory and highlighted the importance of Altmann’s (1998) results for the study of juvenile 
primates.  I explained that the overall goal of the thesis is to understand how diet relates to the 
evolution of primate life history, and I introduced the hypothesis that this research evaluates:  
that the overall rapid maturation rate in mantled howler monkeys is an evolutionary adaptation to 
a diet containing tough and fibrous resources.  I discussed the predictions that must be met in 
order to support this hypothesis, and I provided evidence from previous studies that corroborate 
my predictions.  This chapter concludes with brief outlines summarizing the topics of each 
remaining chapter. 
 Chapter 2 provides a background for the thesis by discussing previous research on the 
topics that are central to this study.  I begin with a brief introduction to the study species, 
Alouatta palliata.  Then, I synthesize the current evidence concerning the relationship between 
diet and life history in primates.  I continue with a review of the literature on the ontogeny of 
primate feeding and foraging behavior.  Chapter 2 then discusses the existing research on 
resource toughness.  This section importantly highlights the lack of ontogenetic data on dietary 
toughness in primates and explains why this type of research is so vital to clarify life history 
evolution.  Chapter 2 concludes with a discussion of the phases of maternal investment in order 
to demonstrate how milk may serve as an environmental buffer to juvenile howlers during 
critical periods of their development. 
 Chapter 3 describes the materials and methods used to conduct this study.  I first provide 
an historical background on La Isla de Ometepe, Nicaragua and then describe the field site and 
the study subjects (Alouatta palliata).  I detail my methodology for collecting both behavioral 
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and resource mechanical properties data.  Additionally, I discuss the statistical analyses I used to 
evaluate the data. 
 Chapter 4 evaluates my first prediction (that juveniles are less efficient foragers than 
adults) by presenting the results of mantled howler activity patterns.  This chapter determines 
whether or not adult and juvenile activity patterns differ and how activity patterns change 
according to season.  I analyze juvenile nursing behaviors (both the overall time they spent 
nursing as well as nursing time relative to feeding time) in order to determine whether or not 
there is support for the third prediction—that young juveniles “fall back” to their mother’s milk, 
particularly during seasonal periods when food may be scarce.  I also measure juvenile foraging 
success by comparing juveniles’ overall foraging time with that of adults and by creating an 
index of foraging success (as measured by forage:feed ratio) that I compare across age classes.  
In order to determine if social factors influence juveniles’ foraging success, I examine 
occurrences of conspecific aggression at food sites, patterns of spatial proximity (nearest 
neighbor distance and identity, number of animals in the tree crown, number of animals within 5 
meters) during feeding bouts, and whether or not focal animals and their nearest neighbors fed 
concurrently.  I also investigate intergroup encounters:  the frequency of such episodes, how 
aggressive they were, whether they involved feeding, and whether the intensity/frequency 
increased during periods of reduced food availability.  If intergroup encounters are found to 
increase in frequency and intensity while food is seasonally scarce, these data (combined with 
behavioral and dietary modifications of Chapters 4 through 6 and the mortality rates presented in 
Chapter 7) provide evidence that howlers experience seasonal dietary stress.   
 Chapter 5 presents the results of mantled howler dietary patterns.  This chapter 
determines whether or not juvenile and adult diets differ and how seasonal fluctuations in food 
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availability cause howler diets to vary throughout the year.  I also investigate feeding behaviors, 
including the plant part consumed and the mode of consumption (i.e., which teeth were used to 
bite the resource).  Altogether these results enable me to evaluate the second prediction—that 
adult and juvenile diets and feeding behaviors differ.  Additionally, the data on food availability 
and seasonal dietary variability indicate whether or not food stress occurs during certain seasons 
and how the different age/sex classes respond. 
 Chapter 6 evaluates the mechanical properties of the howler diet.  This chapter 
determines the toughness of the various plant foods that howlers consume, and combined with 
the data from Chapter 5, continues to evaluate the second prediction (that there are age class 
differences in dietary toughness).  This chapter also establishes how the mechanical properties of 
the howler diet vary according to season—evidence that helps determine whether or not howlers 
experience food stress and must shift to tougher resources during certain seasons. 
Chapter 7 describes the population dynamics of the study groups, with the goal of 
assessing how seasonal fluctuations in food availability or food quality affects howler births and 
deaths.  This chapter evaluates the fourth prediction, that juvenile feeding and foraging 
inadequacies are seasonally exacerbated, by determining whether or not there is any seasonal 
pattern of juvenile mortality.   
Chapter 8 summarizes the results, evaluates each prediction, and discusses whether or not 
the initial hypothesis was supported.  I synthesize the tactics used in the howler life history 
strategy, highlighting the importance of the extended mixed feeding period, which enables 
mothers and offspring to split the costs of growth.  This strategy involves juveniles taking on 
some of their own costs of growth (by early independent feeding and foraging) yet still enables 
maternal milk to serve as a “fall back” food during seasonal periods of dietary stress when 
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juveniles suffer nutritional shortfalls.  I also compare and contrast the various resource allocation 
tactics employed by other ateline species and discuss how howlers’ feeding and foraging 
behaviors underlie their patterns of maternal investment.  Finally, this chapter returns to the 
contrasting theoretical constructs of the fast versus slow continuum and developmental 
dissociation in order to determine whether or not either of these models can accurately explain 
the howler life history strategy. 
 Chapter 9 provides conclusions and directions for future research.  One of the most 
important areas for continued research will be to compare these results with similar studies on 
mantled howlers living in areas that do not experience such marked seasonality in rainfall.  In 
general, future research should include additional projects investigating the ontogeny of feeding 
and foraging behavior in other primate species.  Because both life history parameters and dietary 
patterns are so variable throughout the Primate order, a wide range of species must be studied in 
order to clarify the evolutionary processes underlying these features.  In addition to direct 
observations of feeding and foraging behaviors, laboratory research on the development of gut 
microbiota in species with diverse dietary habits will be necessary to completely understand the 
ontogeny of primate feeding and foraging proficiency.  
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CHAPTER 2:  BACKGROUND 
 
2.1 Introduction 
The goal of this chapter is to provide a background for the thesis by discussing previous 
research on the topics that are central to this study.  I begin by describing the natural history and 
dietary patterns of Alouatta palliata, the study species of this project.  I then synthesize the 
current evidence concerning the relationship between diet and life history in primates, and I 
critique the concept of the fast versus slow life history continuum by discussing research that 
shows the dissociability of life history traits.  This chapter continues with a review of the existing 
literature on the ontogeny of feeding and foraging behavior in primates.  I also evaluate previous 
studies of resource toughness and highlight the importance of incorporating ontogenetic data in 
research on mechanical properties.  To this end, the chapter concludes with a discussion of the 
different phases of maternal investment in mammals, emphasizing the role of milk as an 
environmental buffer or “fallback food” for juveniles during the weaning transition.  
 
2.2  The study species:  Alouatta palliata 
 Alouatta palliata, the mantled howler monkey, has been well represented in primatological 
research throughout the past 70 years.  Clarence Carpenter conducted the very first field study on 
wild primates on A. palliata beginning in 1931.  This naturalistic and descriptive study, which 
took place on Barro Colorado Island, Panamá, qualitatively described the mantled howler diet as 
containing of an array of leaves, fruits, and flowers—a diet which Carpenter (1934) argued 
enabled this species to remain relatively well-fed throughout all seasons of the year.  Several 
years later, Altmann (1959) conducted a short project at the same field site and observed the 
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howlers’ diet to consist predominantly of unripe figs and young leaves.  Similar to Carpenter 
(1934), Altmann (1959) considered the howler food supply to be abundant; however, the 
qualitative nature of both of these studies renders such conclusions incomplete at best.  More 
extensive surveys of the seasonal fluctuations in food availability and resulting variations in the 
howler diet would be necessary before determining whether or not this species’ dietary pattern 
enabled them to avoid periods of food stress or resource scarcity. 
 In the 1970’s, several doctoral theses and research projects began to investigate various 
aspects of mantled howler diet and ranging patterns. A wealth of publications on mantled 
howlers documents their dietary patterns and demonstrates their propensity towards folivory (see 
Table 2.1).  Milton (1980) reported that the annual diet of howlers at Barro Colorado Island 
included approximately equal proportions of feeding time on fruits and leaves (just under 50% 
each).  This similar ratio of leaves to fruits also occurred at Los Tuxtlas, Mexico, where Estrada 
(1982; 1984) and Estrada and Coates-Estrada (1986) reported that nearly 50% of feeding time 
was on leaves and 50% on fruits.  At two sites in Costa Rica, howlers consumed slightly higher 
proportions of leaves.  In the northwest region of the country at Hacienda La Pacifica, howlers 
spent over 60% of their feeding time on leaves and only around 12% on fruits (Glander, 1978).  
In northeastern Costa Rica at La Selva Biological Reserve, 71% of feeding time was on leaves 
and 17% is on fruits (Stoner, 1996). 
 Based on research at Hacienda La Pacifica, Glander (1975; 1978; 1981) argued that 
mantled howlers selectively avoided plants or plant parts that contained certain toxic secondary 
compounds.  At Barro Colorado Island, Milton (1978; 1979; 1980) determined that protein to 
fiber ratio more accurately predicted howler feeding selectivity.  These studies also importantly 
reveal that regardless of whether or not the protein to fiber ratio or toxin content of resources 
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ultimately structures howler feeding decisions, this species does not feed indiscriminately from 
any tree in the forest.  Rather, howlers feed extremely selectively on comparatively few trees.  
Milton (1978, 1980) designated howlers as “behavioral folivores” because they lack major gut 
adaptations for folivory (like those seen in the colobines, for example) and therefore are able to 
eat leaves only by being very choosy about which leaves they select.  These observations led to a 
change in the viewpoint that leaves are abundant and ubiquitous resources and that leaf-eating 
primates therefore have a comparatively easy dietary strategy  (e.g., Janson and Goldsmith, 
1995).  Moreover, the finding that howlers feed selectively calls into question the earlier implicit 
assumptions (e.g. Altmann, 1959; Carpenter, 1934) that howlers’ ability to eat leaves provides 
them with a buffer against fluctuations in food availability and nutritional shortages.  
 Most of the long-term research projects on this species have been reserved to a few 
locations in Panamá, Costa Rica, and Mexico; however, mantled howlers have a wide geographic 
range—from southern Mexico throughout the Central American isthmus into Colombia, 
Ecuador, and Peru (Cortés-Ortiz et al, 2003; Crockett, 1998).  These studies reveal that howlers 
can occupy various habitats, including highly seasonal and less-seasonal environments (Table 
2.2).  Some locations that feature marked wet and dry seasons include Hacienda La Pacifica in 
the Guanacaste region of Costa Rica, where a comparatively low annual rainfall 
(mean=1533mm, range=1007-2266 mm) occurs mainly from May through November (Frankie et 
al, 1974).  Santa Rosa National Park, also in Guanacaste, Costa Rica, has a similarly low annual 
rainfall (range=900-2400 mm) and a distinct wet season that lasts from June to November 
(Glander et al, 1991).  Barro Colorado Island, Panamá, has a somewhat intermediate rainfall 
(mean= 2616mm, range=1676-3632 mm) and a wet season from May through November (Rand 
and Rand, 1985).  Wetter sites include La Selva Biological Reserve and La Suerte Biological 
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Field Station, both in northeastern Costa Rica.  In this region, there is less of a distinction 
between wet and dry seasons, and mean annual rainfall is 3962 mm (range=3239-4685) (Sanford 
et al, 1994).  Finally, Los Tuxtlas in Veracruz, Mexico, is a very wet site: an average of 4900 
mm of rain falls annually, with the wetter months concentrated from June through February 
(Estrada, 1982).  The current research, which takes place on La Isla de Ometepe, Nicaragua, is 
among the first long term studies of Nicaraguan mantled howlers (see also Williams-Guillén, 
2003) and remedies an important lack of information regarding any primate species inhabiting 
this country.  The climate of the field site is similar to that of the dry Guanacaste region in Costa 
Rica:  average annual rainfall on Ometepe ranges from 1200 to 1900mm (Salas Estrada, 1993; 
Garber et al, 1999) (see Chapter 3). 
 In addition to having relative flexibility in their diet and habitat requirements, another 
notable feature of howlers is their rapid life history and high reproductive output (see Table 2.3).  
Glander (1980) found that females reach reproductive maturity (as indexed by age at first birth) 
around 43 months—or approximately 3.5 years.  Male maturation is slightly more delayed: the 
testes descend at 36 months, and males do not copulate until they are around 50 months (just 
over 4 years) old (Glander, 1980).  The mean length of females’ estrus cycle is 16 days, and 
mean gestation length is 186 days (approximately 6 months) (Glander, 1980).  Interbirth interval 
(when the previous infant survives) is 22.5 months at Hacienda La Pacifica (Clarke, 1982; 
Glander, 1980) and closer to 19.9 months at Santa Rosa (Fedigan and Rose, 1995).  An early age 
at first reproduction and rapid interbirth interval results in a relatively high intrinsic rate of 
natural increase (rmax) for mantled howler populations (Ross, 1988; 1991).  Having a high rmax 
enables howlers to expand their populations rapidly following periodic crashes.  For example, 
after a yellow fever epidemic decimated the howler population on Barro Colorado Island in 1949 
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(Collias and Southwick, 1952), Froehlich et al (1981) measured the annual growth rate of the 
howler population at 16.7% from 1951 to 1959.  By 1976, the howler population was still 
increasing, but at a much lower rate (1.5% per year) (Froehlich et al, 1981).   
 This rate of population increase is all the more impressive when considering the high 
mortality of howlers prior to reaching adulthood.  Froehlich et al (1981) report that 65% of 
females and as many as 88% of males die prior to reaching 5 years of age.  They find a nearly 
40% mortality rate for both sexes during the first year of life.  In females, this figure drops to just 
10% by age 2 and steadily decreases throughout the remaining juvenile period.  In males 
however, mortality at age 2 is estimated between 20 and 30% and then rises again to over 40% at 
age 4 before dropping off sharply as they enter adulthood.  Froehlich et al. (1981) speculate that 
the high mortality rate of mantled howlers during early life results from nutritional compromises 
that juveniles experience during the weaning transition—either by social exclusion from 
resources or the inability to digest or detoxify leaves.  The later increases in male mortality 
during the subadult period (i.e., at age 4) appear to result from the greater conspecific hostility 
and aggression that males experience (as compared to females) when they attempt to emigrate 
into a group, as well as the additional nutritional shortfalls that Froehlich et al. (1981) posit are 
likely to likely befall them at this time.  Prior to the current thesis, however, no study has 
determined the validity of this assertion by directly investigating the dietary patterns of mantled 
howlers throughout their ontogeny. 
 This thesis examines the feeding and foraging behaviors of adult and juvenile mantled 
howler monkeys living at La Isla de Ometepe, Nicaragua.  This project is first long term study of 
primates living on Ometepe and one of the few studies that directly addresses the ontogeny of 
feeding and foraging behaviors in a folivorous primate.  The current research investigates a 
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number of issues regarding the demography and life history of this species.  First of all, 
investigating the acquisition of A. palliata foraging proficiency addresses how dietary factors 
may be involved in this species’ juvenile mortality (as was suggested by Froehlich et al, [1981]).  
Secondly, these results shed light on how dietary patterns have influenced the evolution of 
howler life history.  Finally, this research determines whether or not mantled howler 
developmental patterns support either the fast versus slow life history perspective or the more 
modular viewpoint.  The wealth of knowledge that previous research has generated concerning 
the diet, ranging behaviors, demography, life history, and developmental patterns of mantled 
howler monkeys builds a solid foundation on which the current project is based.  By expanding 
this extensive background of research, this thesis ultimately helps answer outstanding questions 
regarding the relationship between diet and life history in primates.  
 
2.3 Diet and life history 
 Compared to other mammals, primates are characterized by relatively slow growth and 
prolonged immaturity (Case, 1978; Ross, 1988; Read and Harvey, 1989; Charnov and Berrigan, 
1993; Ross and Jones, 1999; Kappeler et al., 2003).  However, within the Primate Order, there is 
considerable life history variation in growth rate that has been linked to dietary patterns (Godfrey 
et al., 2003; 2004; Kaplan et al., 2000; Leigh, 1994; Wrangham and Conklin-Brittain, 2003).  For 
example, Leigh (1994) found that folivorous anthropoid primates (including Alouatta caraya, 
Colobus guereza, Presbytis entellus, and Gorilla gorilla) tend to establish rapid growth rates 
early in ontogeny and reach sexual maturation more quickly than frugivorous species (such as 
Cebus apella, Macaca mulatta, and Pan troglodytes).  Leigh’s (1994) results offer support for 
Janson and van Schaik’s (1993) ecological risk aversion hypothesis, which predicts that 
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folivorous primates face less feeding competition and seasonal resource variability, therefore 
enabling juveniles to grow rapidly without facing the risk of starvation.  The ecological risk 
aversion hypothesis, however, contradicts Froehlich et al.’s (1981) contention that dietary stress 
(either resulting from feeding competition or seasonal food scarcity) contributes to the high 
juvenile mortality rate of folivorous primates such as A. palliata. 
 New World atelines (Alouatta, Lagothrix, Brachyteles, Ateles) offer an example of 
variation in both age at maturation (Table 2.4) and diet (Table 2.1, Table 2.5), which initially 
appears to support Leigh’s (1994) results that folivorous species mature more rapidly than 
frugivorous species.  Alouatta reaches sexual maturation at a younger age than the other atelines; 
for example, female A. palliata first reproduce around the age of 3.5 years (Glander, 1980; 
Froehlich et al., 1981), whereas female spider monkeys (Ateles) do not attain reproductive 
maturity until 7 years (Milton, 1981), and female woolly monkeys (Lagothrix) and woolly spider 
monkeys (Brachyteles) both mature around 9 years of age (Strier, 1996; Nishimura, 2003; 
Martins and Strier, 2004).  The more rapidly maturing Alouatta is generally considered the most 
folivorous ateline, with at least half (and sometimes as much as 70%) of the annual diet  
consisting of foliage (Glander, 1978; Milton, 1980; Estrada, 1984; Estrada and Coates-Estrada, 
1986; Stoner, 1996, see Table 2.1).  Conversely, the more slowly maturing Ateles (van 
Roosmalen, 1986) and Lagothrix (Peres, 1994) consume predominantly frugivorous (>80%) 
diets (Table 2.5).  However, Brachyteles, one of the most slowly maturing atelines, consumes a 
considerable amount of foliage—ranging from  33.2% (de Carvalho et al., 2004) to 51% (Strier, 
1991) of the annual feeding time (Table 2.5).  These data indicate that although rapid maturation 
and folivory are correlated in Alouatta, this is not the case with Brachyteles; therefore, the 
relationship between diet and life history in atelines (and primates in general) ultimately remains 
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unclear.   
 The influence of diet on the pace of development is further complicated when considering 
the strepsirhine primates.  Whereas rapid maturation and folivory are generally linked in 
anthropoids (Leigh, 1994), the opposite condition emerges in strepsirhines.  Godfrey et al. (2003; 
2004) found that folivorous lemurs (i.e., indriids) have slower growth rates and reach maturation 
at a more advanced age than their frugivorous relatives (i.e., lemurids).  However, the more-
slowly-growing folivorous strepsirhines develop teeth faster than the frugivorous species 
(Godfrey et al., 2003; 2004).  Godfrey et al. (2004) link rapid dental development to seasonal 
variation in food availability.  For example, the seasonally breeding sifakas (Propithecus 
verreauxi) wean shortly before the onset of dry season, when food becomes scarce (Godfrey et 
al, 2004).  By the time the food shortages of the dry season occur, juvenile sifakas 
(approximately 8 to 9 months old) have developed a nearly adult-like dentition and are capable 
of processing hard fruits—one of the only foods available at the time (Godfrey et al, 2004).  
Godfrey et al. (2004: 265) hypothesize that this growth pattern enables indriid juveniles to 
become “ecological adults” and process hard fruits prior to somatic and sexual maturation.  
While compelling, this hypothesis remains to be tested.  Before confirming that lemur tooth 
development and breeding schedules are optimized to meet juveniles’ masticatory needs, further 
data are necessary on seasonal variation in resource mechanical properties and on adult and 
juvenile dietary patterns in this species. 
 In terms of dental development, continuing research has demonstrated that folivorous 
primates (both strepsirhine and anthropoid) appear to be accelerated relative to their frugivorous 
counterparts (Godfrey et al., 2003).  Dirks (2003) compared two pairs of closely related 
catarrhines (Hylobates lar with Symphalangus syndactylus and Papio hamadryas with 
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Semnopithecus entellus) that differed in their dietary patterns.  Results indicate that the more 
folivorous species of each pair (in this example, S. syndactylus and S. entellus) exhibits earlier 
initiation of molar formation and overall faster dental maturation than the more frugivorous 
species of each pair (H. lar and P. hamadryas) (Dirks, 2003).  Dirks’ (2003) data show that S. 
syndactylus tooth development is accelerated even compared to P. hamadryas—a particularly 
surprising finding, given that the overall pace of hominoid maturation is generally slower than 
that of monkeys or lemurs (Harvey et al., 1987; Ross, 1998).  Godfrey et al. (2003) also 
determined that colobines exhibit accelerated dental maturation compared to cercopithecoids and 
that howler monkeys acquire their adult dentition more rapidly than other atelines—most 
notably, spider monkeys.  In both of these examples, it is the more folivorous taxa which feature 
precocious dental development.  These observations led Godfrey et al. (2003: 201) to recognize 
that “selection tailors dental developmental and life history schedules to meet the masticatory 
needs of immature individuals."  Again, this hypothesis lacks important comparative data on 
juvenile feeding behavior and the mechanical properties of the resources they consume 
throughout ontogeny.  Godfrey et al.’s (2003) perspective, however, prioritizes juveniles and 
indicates that answers to evolutionary questions must include a developmental component.  The 
current thesis directly addresses this issue by focusing on juveniles and the ontogeny of feeding 
proficiency in order to determine how dietary patterns relate to the evolution of both specific life 
history features as well as a species’ overall life history strategy.  
 The above studies far from clarify the relationship between diet and life history.  While 
rapid growth and development initially seem correlated with folivory in the anthropoids, it is 
important to note that these results are based on a relatively small sample of folivorous species.  
While data on 34 non-folivorous anthropoids were available, Leigh (1994) was able to include 
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growth data on just 8 folivorous anthropoids—5 of which were closely related colobines.  Leigh 
(1994) acknowledges the limitations of the sample and cautions that the association between 
rapid growth and folivory may simply be a feature of the colobine clade rather than a trend of 
folivorous primates in general.  Regardless, strepsirrhine primates were found to exhibit the 
opposite tendency (folivory correlated with slow rather than rapid growth) (Godfrey et al, 2003), 
indicating that although diet and life history do appear to be related, no simple overall pattern 
exists.  When considering both strepsirrhine and anthropoid primates, rapid dental development 
appears to be more tightly correlated with folivory than with overall growth rate  (Dirks, 2003; 
Godfrey et al., 2003; 2004).  In anthropoids, both rapid growth rate and rapid dental maturation 
are seen in conjunction with a  folivorous diet—a finding that supports the perspective the fast 
versus slow life history perspective.  However, Godfrey’s (2003; 2004) results on strepsirrhines 
indicate that these two life history parameters can be decoupled and are subject to separate 
selection pressures—supporting a more dissociable life history framework.  Finding support for 
two drastically different frameworks within the Primate Order necessitates further research, not 
only to clarify the relationship between diet and life history, but also to shed light on the 
explanatory power (or lack thereof) of either of these models.      
 
2.4 Dissociability of life history parameters 
 In 1966, Williams recognized that species-specific developmental patterns represent 
evolutionary adaptations to the probability of death during any given time interval.  This 
realization indicates that the rate of development is not necessarily uniform throughout an 
individual’s lifetime and that selection can act differentially on each distinct life history 
component.  Moreover, Williams (1966a) contends that the pace of development is optimized so 
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that periods involving high mortality risk are rapidly completed.  Birds offer a prime example of 
fluctuating maturation rates during ontogeny (Williams, 1966a).  While hatchlings are young and 
incapable of flight, their risk of mortality is high and their growth and development is rapid.  
Once the birds have achieved the ability to fly, their risk of mortality drops dramatically.  As a 
result of this reduced mortality risk, juvenile birds of many species grow slowly during this 
period, spending several years at a nearly adult size before they reach sexual maturity (Williams, 
1966a). 
 Although Williams’ (1966a) perspective is generally scant in the primatological literature, 
recent research has demonstrated the dissociability of primate development.  For example, 
Garber and Leigh’s (1997) study demonstrates that growth rates in small-bodied New World 
primates can differ dramatically throughout ontogeny.  In squirrel monkeys (Saimiri sciureus), 
growth is rapid from birth to 3 months of age, but by 6 months (the onset of the weaning 
process), growth nearly ceases completely (Garber and Leigh, 1997).  Squirrel monkeys resume 
growing again around 8 months, but their growth continues at an extremely slow rate until they 
eventually reach both somatic and sexual maturation several years later (Garber and Leigh, 
1997).  Unlike Williams’ (1966a) example of rapid growth during dangerous periods of bird 
ontogeny, growth rate in Saimiri appears to decelerate during particularly risky stages, such as 
the period around weaning (6 to 8 months old).  According to Janson and van Schaik’s (1993) 
ecological risk aversion hypothesis, slowed growth at this time may be advantageous for some 
primates (and perhaps for mammals in general) by reducing the risk of starvation that neophyte 
foragers experience as a result of foraging incompetence or feeding competition.  Stone (2007a), 
however, found no evidence that S. sciureus weanling juveniles either forage incompetently or 
face increased feeding competition with conspecifics—a result that fails to support the ecological 
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risk aversion hypothesis. 
 In addition to the growth of the body, brain growth in Saimiri displays a similar modular 
pattern.  Approximately 55% of Saimiri brain growth occurs in utero, and following birth, the 
remainder of brain growth takes place in just 2 to 3 months (Garber and Leigh, 1997; Leigh, 
2004).  These results indicate that virtually all of Saimiri postnatal brain growth takes place in 
just 4% of the postnatal growth period (Garber and Leigh, 1997).  Combined with rapid body 
growth of this species during the same time frame (2 to 3 months), the costs to Saimiri mothers 
are exceptionally high during the early period of lactation (Garber and Leigh, 1997). 
 Leigh and Bernstein (2006) also find clear evidence of the dissociability of life history 
traits in baboons.  For instance, baboon brains and teeth grow rapidly and are completed early in 
ontogeny.  Somatic growth rate is also high, particularly compared with closely related species, 
and is likely a function of baboons’ larger body size (Leigh and Bernstein, 2006).  Despite the 
rapidity of these life history components, age at first reproduction is delayed:  female baboons 
first reproduce around the age of 6 or 7, which is several years after they have achieved brain, 
dental, and somatic maturation. (Leigh and Bernstein, 2006).  Godfrey et al.’s (2003; 2004) 
research on lemurs (as discussed above) similarly reveals the dissociability of different life 
history traits.  The slower growing indriids have a rapid dental maturation, while the quickly 
growing lemurids exhibit a much more protracted dental development (Godfrey et al., 2003; 
2004).  These studies clearly illustrate the problem of the traditional “fast versus slow” life 
history continuum by indicating that different components of life history can be decoupled and 
vary independently.  In each of these species, some aspects of life history can be considered 
“fast” whereas others can be considered “slow.”   
 Increasing focus on the dissociability of life history traits indicates a paradigm shift within 
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primatology.  Specifically, the perspective that life history is a tightly integrated system is 
changing to one that acknowledges the dissociability, or modularity, of development.  Leigh and 
Blomquist (2006: 402) define modularity as differential interrelatedness of morphological 
features or organ systems throughout development, which can lead to  “grow(th) over separate 
age spans and at very different rates.”  This modular perspective considers individual aspects of 
development in order to understand the evolution of a species’ life history strategy.  Such a 
perspective can help answer the puzzle concerning the relationship between diet and life history.  
Rather than considering growth rate or age at first reproduction in isolation, the entire suite of 
dissociable life history features (including dental development, brain development, and duration 
and intensity of maternal investment) may function to promote juvenile dietary proficiency and 
ultimately, reproductive success.  To date, most primatological studies that have addressed life 
history through a modular perspective have been conducted using captive data (Leigh and 
Blomquist, 2006).  The present thesis represents one of the initial research projects to incorporate 
the modular life history perspective on wild animals in a field setting. 
 
2.5 Ontogeny of feeding and foraging behavior in primates 
 Williams (1966a) discussed the importance of selection during critical life history stages, 
and Altmann’s (1998) seminal work demonstrated that early ontogenetic periods are fundamental 
for establishing lifetime reproductive success.  In a longitudinal study of eleven yellow baboons 
(Papio cynocephalus) over 20 years, Altmann (1998) found that despite a relatively prolonged 
period of development, juveniles attain adult-like feeding and foraging proficiency early in their 
ontogeny.  This early dietary competence is essential, as Altmann’s (1998) results indicated that 
survivorship to adulthood and lifetime reproductive success were both predictable by the quality 
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of diet that young juveniles (30 to 70 weeks of age) consumed during the weaning process.  For 
females, weanlings that minimized energy shortfall and maximized protein surplus (both relative 
to calculated dietary requirements) had higher reproductive fitness than females who had 
suffered nutritional deficiencies during this early stage in life.  Specifically, a higher protein and 
energy intake during the weaning period correlated positively with the length of the reproductive 
lifespan (r>0.90) and fecundity (number of live infants produced: r>0.90).  Offspring survival 
also correlated with the female’s diet as a weanling (r>0.75); in fact, every 7.95% reduction in 
energy shortfall (considered over the entire 40-week weaning period) corresponded with the 
production of one additional surviving offspring (Altmann, 1998).  Not all measures of female 
reproductive success correlated with early dietary quality, however.  Age at menarche and birth 
rate—both factors that Altmann (1998) expected to influence lifetime reproductive fitness—were 
not well predicted by any single measure of dietary quality. 
  A major limitation of Altmann’s (1998) study was its small sample size—just 11 juvenile 
baboons.  Of these 11, the results could be applied only to the 6 who were female, as male 
reproductive success was not known.  The actual reproductive and dietary differences among 
these 6 females were quite small.  The most reproductively successful female (Dotty) produced 5 
infants, 4 of which survived.  Following Dotty, Eno and Summer both gave birth to 4 infants, of 
which 3 and 2 (respectively) survived.  Next were Alice and Striper, who each gave birth to 2 
infants; although both of Alice’s infants survived, neither of Striper’s did.  Finally, Pooh, who 
died during the weaning period, produced no offspring.  All of the weanling baboons 
experienced shortfalls from the calculated dietary optimums; however, the females’ overall 
energy intake during the 40-week weaning period generally corresponded with their reproductive 
success.  Dotty, Eno, and Summer (the most reproductively successful females) consumed over 
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50% of the calculated energy optimum, whereas Alice and Striper (the next reproductively 
successful) consumed about 40% of the energy optimum.  Pooh, who fared the worst, was able to 
consume less than 30% of the optimum. 
 Another obvious limitation with Altmann’s (1998) study is that even though the results 
indicate a correlation between the quality of the diet during the weaning period and lifetime 
reproductive fitness, a causal relationship between the two cannot be assumed.  Altmann (1998: 
71) himself acknowledged that “biological fitness may be correlated with the energy and protein 
in the diet even if neither of these is causally responsible.”  For the two weanlings in the study 
who died (Pooh and a male named Pedro), Altmann (1998) admitted that it is impossible to 
determine whether these individuals ultimately weakened and died because they had poor diets, 
or whether they were weak to begin with (i.e., inferior genetics) and had poor diets because their 
weakness did not permit them to feed and forage effectively.   
 In addition to dietary quality and weanling foraging proficiency, other intervening 
variables, such as maternal rank, may have had an effect on the offspring’s fitness.  Because 
baboons live in societies that are highly stratified by female-female dominance relationships 
(Barton and Whiten, 1993; Gouzoules and Gouzoules, 1987; Hausfater et al, 1982; Wrangham, 
1980), it is important to consider how the rank of the mother may influence her own—as well as 
her offspring’s—access to food.   Indeed, Barton and Whiten (1993) found evidence that higher 
ranking female olive baboons (Papio anubis) had greater daily intake of nutrients and energy 
than lower ranking females, and they suggested that such dietary differences may translate into 
greater reproductive success (mainly through increased fertility or birth rates) in the high ranking 
females.  Altmann (1998) accounted for rank in his study and found that although the most 
successful weanling (Dotty) had a high-ranking mother (rank number 2) and the least successful 
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(Pooh) had a low-ranking mother (number 15), maternal rank alone had little power to predict 
offspring fitness.  Maternal rank did, however, correlate with the offspring’s age at menarche and 
age at first conception (Altmann, 1998).   
 Altmann (1998) additionally considered that increasing milk intake might compensate for 
any nutritional shortfalls that the weanlings experienced; however, the results suggest that the 
weanlings who fed and foraged most effectively were also the ones who consumed the most 
milk.  The estimate for average daily milk consumption over the 40-week period for Dotty, Eno, 
and Summer (who had the best diets and highest reproductive success) was well over 1000 kJ, 
whereas Striper and Pooh (who had the worst diets and lowest reproductive success) consumed 
an average of less than 500 kJ of milk per day (Altmann, 1998).  These data suggest that there 
may be a relationship between maternal and offspring diet in baboons. For example, Pooh had a 
poor diet and also consumed comparatively little milk.  This may indicate that Pooh’s low-
ranking mother suffered dietary deficiencies as well and was unable to provide milk to 
compensate for Pooh’s nutritional shortfalls.  While compelling, it is also important to consider 
that Pooh’s weakness, rather than any type of maternal dietary deficiency, may have been what 
prevented her from nursing more effectively.  Additional research is necessary in order to 
determine how—if at all—mothers may be able to compensate for the dietary deficiencies of 
their offspring.. 
  Despite the limitations of Altmann’s (1998) study, the results are important for several 
reasons.  First of all, Altmann’s (1998) research establishes that even though baboons have a 
relatively prolonged period of immaturity, juveniles achieve foraging proficiency and consume 
an adult-like diet early in their ontogeny—even prior to being weaned.  These results also 
indicate although additional factors may be involved, a relationship exists between early dietary 
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quality and lifetime reproductive fitness in females.  This demonstration of the fundamental 
importance of early dietary proficiency strongly suggests that juvenile behavior and foraging 
capabilities can profoundly impact fitness.  One of the most important contributions of this 
project is that it unambiguously establishes the necessity of focusing on the juvenile period in 
order to answer evolutionary questions. 
 Additional research on juvenile feeding and foraging behavior, which is necessary in order 
to confirm or refute Altmann’s (1998) results, remains sparse in the primate literature.  A long 
term project with Altmann’s (1998) level of detail is indeed difficult to replicate.  Of the few 
existing studies on the ontogeny of dietary proficiency, several are in accord with Altmann’s 
(1998) finding that weanlings achieve foraging competence and consume adult-like diets early in 
their ontogeny.  In addition to baboons (Altmann, 1998; Altmann and Alberts, 2003), other 
primate species that attain adult-like foraging skills early relative to age at maturation (as 
indexed by females' age at first birth: Table 2.6) include gorillas (Harcourt et al., 1981; Watts, 
1985, 1991), capuchins (Fedigan and Jack, 2001; MacKinnon, 2005), squirrel monkeys (Taub, 
1980; Boinski and Fragaszy, 1989; Stone, 2004), and brown lemurs (Overdorff et al., 1999; 
Tarnaud, 2004).  However, the impact of early dietary patterns on lifetime reproductive fitness is 
unknown in these species. 
 Other studies indicate that not all primate species attain foraging proficiency early in their 
ontogeny.  In some primates, juveniles’ poorly developed manipulative or motor capabilities can 
delay their acquisition of foraging competence and adult-like dietary patterns.  Leontopithecus 
and Saguinus species offer an example of primates that transition more slowly to foraging 
independence.  As a result of juveniles’ inability to manipulate large, tough fruits or to locate 
cryptic vertebrate prey, immature tamarins are provisioned by adults for as much as 6 months 
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after weaning (Price and Feistner, 1993; Ruiz-Miranda et al., 1999; Feistner and Price, 2000).  
Similarly, juvenile chimpanzees experience delays in achieving foraging independence because 
they are inefficient tool users compared to adults.  Juvenile chimpanzees’ impaired tool using 
ability likely results from: 1) their developing fine motor skills and 2) the many years of practice 
required to master complex manual behaviors, such as nut cracking (Boesch and Boesch-
Achermann, 2000; Biro et al., 2003).  Delays in attaining adult-like diet and foraging skills have 
not been related to lifetime reproductive success in these species. 
 In addition to non-human primates, humans also offer an example of a species that is slow 
to transition to adult-like foraging proficiency.  In hunter-gatherer societies, humans do not attain 
peak foraging ability until their 30's or even 50's (Walker et al., 2002).  The Meriam children of 
Melanesia master less-physically-demanding foraging tasks while they are still relatively young 
(such as line fishing: 5 years, spearfishing: 10-14 years), but they do not become efficient at 
shellfishing (considered a more physically demanding task) until well into adulthood (Bliege 
Bird and Bird, 2002).  Juveniles are inefficient shellfishers because they are unable to walk long 
distances as quickly as adults and because they lack the knowledge or ability to select the highest 
quality shellfish (Bird and Bliege Bird, 2002).  These compromised foraging abilities of 
immature humans have strongly influenced the evolution of parental investment, social 
organization, and female reproductive parameters (e.g., interbirth intervals) in the human lineage 
(Wrangham et al., 1999; Aiello and Key, 2002). 
 
2.6 Ontogeny of feeding and foraging behavior in mantled howlers 
 The few existing field studies on mantled howler ontogeny describe behavioral 
development but do not provide direct comparisons of adult and juvenile diets; therefore, it is 
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unknown whether mantled howlers attain foraging competence early in their ontogeny or 
whether they experience delays.  Moreover, these studies yield conflicting results concerning 
how juveniles transition to foraging independence (i.e., through individual trial and error 
learning, or by watching and imitating the foraging patterns of conspecifics).  For example, 
Altmann (1959) observed one infant's early independence (from birth to approximately 5 weeks) 
and stressed that it acquired behavioral patterns as a result of individualized, exploratory efforts.  
Similarly, in a 22-month study of 11 infants, Clarke (1982; 1990) noted that by as early as 10 
weeks of age, infant howlers engaged in independent exploration and tasting of food resources, 
particularly while their mothers were feeding.  Clarke (1990) proposed that the rapid ability of 
infants to independently explore their surroundings serves two important functions.  First, early 
exploration allows infants increased time to gain knowledge about resources prior to being 
completely weaned.  Second, infants’ early independent exploration and intake of solid food 
reduces energetic burdens on the mother and may even enable her to prolong lactation (by 
reducing her caloric needs and therefore limiting her risk of food stress) (Clarke, 1990). 
 In contrast, Whitehead (1986) highlighted the social, rather than independent, component 
of mantled howler behavioral ontogeny.  Based on a 3-month study of 2 mother-infant dyads, 
Whitehead (1986) argued that infants under 12 months old learn leaf-feeding behaviors by 
watching their mothers.  Whitehead (1986) found that infants observed their mothers' leaf choice 
81% of the time (n=11), but during fruit-feeding bouts infants observed their mothers' fruit 
selection only 50% of the time (n=8).  This study has been regarded as evidence that infant 
howlers require social foraging information for leaf selection (e.g., Milton, 1993; 1998); 
however, Whitehead's (1986) results conflict with Altmann (1959) and Clarke (1982; 1990), 
which indicate a more individualized transition to foraging independence.  The data from these 
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studies may conflict as a result of their differing time scales and sample sizes.  Altmann’s (1959) 
and Whitehead’s (1986) projects were both very limited in the sense that each of these 
researchers observed only one or two subjects for an exceedingly small amount of time (i.e., just 
a few weeks or months).  Clarke’s (1982; 1990) research was much more comprehensive:  she 
observed infant development for nearly 2 years (including observations across all seasons) in 
multiple groups of howlers.  For these reasons, Clarke’s (1982, 1990) results should tentatively 
be regarded as the more definitive set of conclusions concerning mantled howler social and 
behavioral development.   
 The existing research on mantled howler ontogeny provides insights on juvenile howler 
behavior but lacks dietary data to compare juvenile and adult diets directly.  Moreover, these 
studies do not assess the timing of mantled howler foraging competence in relation to age at 
maturation.  This thesis helps resolve these deficiencies by detailing the results of a year-long 
investigation on the development of feeding and foraging behaviors in juvenile mantled howlers.  
Ultimately, this research provides a better understanding of the role of diet and resource 
properties in the evolution of primate life history strategies.  Because fitness depends on 
responses to selection during life history stages that are the most crucial to reproductive success 
(Williams, 1966a), research on infants and juveniles contributes vital information for answering 
questions concerning evolutionary processes.  In the broadest sense, this thesis addresses the 
universal mammalian problem of transitioning from milk to solid foods and has important 
implications for determining how maternal investment may mitigate some of the foraging 
challenges that juveniles experience during the weaning process.  By ontogenetically 
investigating foraging competence and dietary toughness, this research helps establish how diet 
is associated not only with the pace of development, but also with patterns of maternal 
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investment.  Thus, the goal of this thesis project is to define how fundamental aspects of 
mammalian life history, including the pace of development and timing of weaning, relate to 
foraging strategies and dietary properties.  
 
2.7  Resource toughness 
One evolutionary explanation offered for the suite of life history features seen in some 
folivorous primates (such as rapid somatic and dental maturation) may simply be to ensure that 
they quickly acquire the craniodental and digestive anatomy necessary for processing tough 
leaves.  Support for this suggestion is warranted by the results of initial leaf toughness studies, 
which document specific links between dietary mechanical properties and patterns of growth and 
development in insect herbivores.  For example, Williams’ (1954) research on locusts and 
grasshoppers (of the family Acrididae) demonstrated that young nymphs, but not adults, avoid 
tough resources.  One explanation for this avoidance may be that tough resources can have a 
negative impact on growth and development.  For example, Tanton (1962) found that young 
mustard beetles (Phaedon cochleariae) given an experimental diet of tough leaves exhibit a 
suppressed growth rate and experience greater mortality during larval and pupal stages.  Feeny 
(1970) argued that winter moth caterpillar (Operophtera brumata) development is restricted to a 
tight seasonal schedule, with the feeding period prior to pupation limited to a few weeks in early 
spring, when tender, high protein resources are available.   
 Although researchers in plant biology and entomology recognize that plant mechanical 
properties are important deterrents to herbivores, Lucas et al. (2000) note that leaf toughness is 
underrepresented in the primatological literature.  First of all, folivory in primates has 
historically been considered a comparatively “easy” manner of subsistence because leaves are 
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often viewed as abundant, ubiquitous, and uniform resources (e.g., Janson and Goldsmith, 1995).  
Continued research on folivorous primate species has prompted a shift toward the recognition 
that leaf feeding is not as effortless as was once assumed.  For example, Janson and Chapman 
(2000: 240) contend that “(e)ating and digesting leaves undoubtedly present the biggest dietary 
challenges to primates;" however, these challenges are often framed in terms of digesting fiber 
and detoxifying secondary compounds, without reference to toughness (e.g., Milton, 1978, 1979; 
Glander, 1978, 1981; Kar-Gupta and Kumar, 1994; Lambert, 1998; 2002).  Lucas et al. (2000) 
acknowledge that while toxins and fiber certainly play a role in primate resource selection, a 
forager is unable to detect either of these properties when feeding.  Leaf toughness, on the other 
hand, is readily detectable to the forager and is therefore one of the most critical (yet overlooked) 
factors influencing foraging decisions (Lucas et al, 2000).  
 An additional barrier to research on resource toughness has been the lack of a formal 
definition of the term (Lucas and Pereira, 1990).  Even the initial studies, such as those 
conducted by Williams (1954), Tanton (1962), and Feeny (1970), failed to state precisely what 
toughness was.  Lucas and Pereira (1990) draw from sources in materials science (e.g. Atkins 
and Mai, 1985) and formally define toughness as the work (or energy) that is necessary to 
propagate a crack through a sheet-like material.  This definition indicates that toughness is not a 
measure of how resistant a material is to starting a tear or crack; instead, it is a measure of a 
material’s resistance to the continuation of a crack once one has begun.  Moreover, Lucas and 
Pereira (1990) specify that toughness should not be viewed as a force, but rather, as a measure of 
energy expended in crack propagation.  At the time of Lucas and Pereira’s (1990) publication, 
most toughness research was conducted with a device called a penetrometer, which measures the 
force required to puncture a specimen (e.g. Bernays,1986; Cherrett, 1968; Coley, 1983; Ernest, 
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1989; Feeny, 1970; Nichols-Oriens and Schultz, 1989; Raupp, 1985; Schultz and Baldwin, 1982; 
Tanton, 1962;  Williams, 1954).  Lucas and Pereira (1990) pointed out that such “punch” tests 
inappropriately measure force rather than energy expenditure and that these tests also ignore the 
problem of veins found throughout the specimen.  Veins, which are thicker than other leaf 
tissues, are particularly resistant to crack propagation and will deflect the path of the tear 
(Vincent, 1990).  Therefore, Lucas et al (1991) argued that the pattern of venation must be 
accounted for when assessing toughness. 
 Vincent (1990; 1991) and Lucas and Pereira (1990) began to offer solutions for 
researchers interested in conducting toughness tests.  Both rejected the inefficient, imprecise 
punch tests in favor of commercially made universal testing machines.  Lucas and Pereira (1990) 
built on Atkins and Mai’s (1979) and Atkins and Vincent’s (1984) guillotine, or cutting, test for 
assessing the toughness of sheet-like materials.  Lucas and Pereira (1990) mounted carbon steel 
scissors to a universal testing machine and connected this with a data processor to record the 
energy generated during scissor closure.  To conduct the test, they placed a leaf between the 
blades and sliced it; then, they performed a second blade closure without the specimen in order 
to record the error introduced by blade friction.  They subtracted the friction measure from the 
first blade closure to determine the work done to cut the leaf.  The length of the cut was then 
measured with calipers (cuts were typically 15-25 mm long) and the thickness of the leaf was 
measured with a micrometer.  The energy required to make the cut (including the correction for 
blade friction) was divided by the cut area (length and thickness multiplied together) for a final 
toughness estimate given in J m
-2
. 
 Lucas et al. (1991) and Choong et al. (1992) tested these new methods against the more 
traditional penetrometer using dicotyledonous (non-grass) leaves.  The results indicated that 
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without correcting for lamina thickness, penetrometers grossly over-estimate “toughness" and do 
not provide accurate data for the role of veins in fracture deflection.   The scissors tests also 
demonstrated that veins are far tougher (generally around 6000 J m
-2
) than the other leaf tissues, 
including the mesophyll, epidermis, and cuticle (average toughness of 220 to 300 J m
-2
) (Lucas 
et al., 1991).  Therefore, Lucas et al. (1991: 104) argued that “it is meaningless to talk of the 
toughness of a leaf as a whole;” rather, the pattern and structure of the veins must be considered 
in order to provide a useful assessment of toughness.  Lucas et al. (1995) also determined that the 
overall toughness of leaf tissue is directly proportional to the volume of the cell wall.  Because 
the cell wall is composed of cellulose, which is indigestible to most herbivores, Lucas et al. 
(1995) stressed that measures of toughness offer insight into the effect that fiber has on feeding 
and foraging patterns.  They suggested that toughness testing might be an even more effective 
means of understanding primate foraging decisions than chemical analysis of fiber content. 
 Although the scissors tests conducted with the universal testing machine appeared to be 
more precise and reliable than punch tests, the major drawback was that the universal testing 
machine could not be transported to the field.  In 1996, Darvell et al. succeeded in essentially 
miniaturizing the complex universal testing machine that Lucas et al. (1990, 1991) had used in 
the laboratory to conduct the initial scissors tests on leaf samples.  This new toughness tester was 
designed specifically for primatological research because it was small and lightweight enough to 
be transported even to remote field sites. 
 After Darvell et al.’s (1996) creation of the portable toughness tester, field research on 
resource toughness began to expand.  One of the first leaf toughness projects undertaken on 
primates, and on mammals in general, was Hill and Lucas' (1996) study of feeding behavior in 
Japanese macaques (Macaca fuscata yakui).  Hill and Lucas (1996) used the miniaturized 
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universal testing machine to assess the toughness of the laminae, midribs, and petioles of 13 
species of mature leaves that macaques consumed during seasonal periods of food scarcity.  Hill 
and Lucas (1996) also chemically analyzed the fiber content of these leaf parts in order to 
compare fiber and toughness.  Results indicated that the midribs and petioles were significantly 
tougher than the lamina for the majority of leaves tested, and macaques consumed no plant part 
with a toughness exceeding 2300 J m
-2
 (Hill and Lucas, 1996).  Fiber content generally 
correlated with toughness; however, the toughest plant parts (the petioles) did not always have 
the highest concentration of fiber (Hill and Lucas, 1996).  Because the macaques avoided tough 
items (such as petioles) that often contained less fiber than frequently consumed laminae, Hill 
and Lucas (1996) argued that feeding decisions were based more on toughness than on fiber 
content.  Another important contribution of Hill and Lucas’ (1996) study was their assertion that 
fiber, by itself, is unlikely to be perceived by a forager.  Nonetheless, because toughness and 
fiber are generally correlated, animals might use toughness as a cue to assess the general 
nutritional quality and digestibility of the resource (Hill and Lucas, 1996).  This observation 
demonstrated the importance of measuring the food properties actually assessable by the forager 
in order to better understand feeding ecology. 
 Yamashita (1996) also investigated leaf toughness in her study of the dietary mechanics of 
five Malagasy lemur species; however, this research was initiated prior to the availability of 
Darvell et al.'s (1996) portable tester.  Yamashita (1996) relied on a penetrometer as the only 
then-available option for assessing leaf toughness in the field.  This study revealed significant 
differences between taxa, seasons, and habitats with regard to resource toughness (Yamashita, 
1996).  Within the folivorous indriids, Propithecus verreauxi verreauxi lived in a drier habitat at 
Beza Mahafaly and routinely ate tougher foods than did P. diadema edwardsi, which lived in a 
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wetter rainforest environment at Ranomafana (Yamashita, 1996).  Generally speaking, the 
inhabitants of Beza Mahafaly (P. v. verreauxi and Lemur catta) exhibited increased folivory on 
tougher leaves than congenerics at Ranomafana (Yamashita, 1996).  In accordance with a greater 
reliance on tough resources, L. catta had more pronounced molar shearing crests than less 
folivorous Lemur species at Ranomafana; however, there were no significant differences 
between the shearing crests of the two Propithecus species (Yamashita, 1996).  Therefore, 
Yamashita (1996) argued that in the case of the indriids, tooth morphology alone cannot 
determine dietary toughness.   
 After Darvell et al.'s (1996) portable field tester became available, Yamashita (2002) 
returned to Beza Mahafaly to investigate the toughness of resources consumed by sifakas (P. d. 
edwarsi) and ring-tailed lemurs (L. catta).  Yamashita (2002) predicted that the diets of sifaka 
groups in different microhabitats of the 80 hectare reserve would be distinct in species 
composition (because sifaka homeranges were discrete) but uniform in toughness (as a result of 
the sifakas’ anatomical and dental specializations for folivory).  Conversely, because lemur 
groups had continuous homeranges, Yamashita (2002) expected their diets to overlap in terms of 
both species composition and toughness.  The results were mainly contrary to these predictions.  
Despite microhabitat differences, sifaka diet did not differ significantly across groups in either 
species composition or toughness (Yamashita, 2002).  In lemurs, all groups were found to 
concentrate the majority of their feeding on just one resource (Tamarindus indica), and although 
secondarily consumed species differed across groups, toughness did not.  Overall, Yamashita 
(2002) confirmed that, corresponding to their more pronounced shearing molar crests, sifakas ate 
tougher foods than lemurs.  Thus, food toughness may be one way that lemurs and sifakas 
partitioned their niches within the reserve.  Additionally, lemurs appeared to be more 
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mechanically limited than sifakas.  Because sifakas could consume a broader range of tougher 
foods, Yamashita (2002) speculated that this quality enabled them to better survive habitat 
perturbations (such as droughts or climatic events) that caused shortages of more fragile (i.e., 
less tough) foods. 
 Yamashita (2003) also used the portable field tester to investigate how resource toughness 
impacted ingestive and masticatory patterns in sifakas and ring tailed lemurs at Beza Mahafaly.  
Specifically, Yamashita (2003) predicted that tougher foods would be ingested posteriorly, while 
fragile foods would be ingested more anteriorly.  Results indicated that the size, shape and mass 
of a food was a more powerful predictor of ingestion site than was its toughness-- with larger, 
“bulky” foods being ingested posteriorly and smaller foods being ingested anteriorly (Yamashita, 
2003).  In this study, Yamashita (2003) clarified an important distinction between the ingestive 
and masticatory functions of teeth as they related to food toughness.  Yamashita (2003) argued 
that foods were toughest at the time of ingestion because they were bitten off where they were 
the most structurally complex (areas including the midrib or petiole).  Sifakas and lemurs did not 
differ significantly on which teeth they used to ingest tough leaves, but Yamashita (2003) noted 
that sifakas have shearing crests and high cusps on their molars, while lemurs lack these features.  
Yamashita (2003) determined that sifaka teeth were adapted more for mastication (the fine 
shredding of leaves) than for ingestion.  Generally speaking, Yamashita (2003) speculated that 
the process of mastication might be more important than ingestion in the ultimate expression of 
an animal’s tooth form. 
 Elgart-Berry (2004) employed a portable toughness tester to investigate the mechanical 
properties of mountain gorilla diets (Gorilla gorilla beringei) at two sites in Uganda.  One goal 
of this study was to determine if dietary data supported Sarmiento et al.’s (1996) assertion that 
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these two gorilla populations might be distinct species.  Rather than collecting new data on 
gorilla feeding habits, Elgart-Berry (2004) used previous studies and reports from park rangers 
working at the sites in order to determine which foods the gorillas frequently consumed.  
Additionally, Elgart-Berry (2004) performed “wedge tests” rather than the scissors tests 
described by Lucas et al. (1991).  Using these methods, Elgart-Berry (2004) determined that 
average resource toughness did not significantly differ between the sites and that these two 
populations could not be considered distinct species on the basis of diet.  However, this study 
was weakened by the lack of actual data on the dietary behaviors of the gorillas at the park and 
the frequencies with which different plant species were consumed at each site.  
 Wright (2004) also used a portable toughness tester to investigate the relationship between 
food toughness and masticatory form in 6 sympatric Neotropical primate species.  This research 
addressed issues of niche separation in closely related primates and the relationship between diet 
and craniodental morphology.  Wright’s (2004) study built on earlier research by Yamashita 
(1998) to evaluate whether the evolution of primate craniodental form is a response to rarely 
consumed but critical resources (as proposed by Rosenberger and Kinzey, 1976; Rosenberger 
1992) or to the most frequently consumed foods in an animal’s diet (as proposed by Kay, 1975).   
 In terms of niche separation, Wright (2004) found minimal dietary overlap among the 6 
sympatric species, and he formulated 3 distinct dietary profiles based on the manner in which 
each species used its craniodental morphology.  First, Ateles ingested and masticated structurally 
weak plant tissues; second, Alouatta routinely masticated tough plant tissues with its molars and 
occasionally used its small anterior teeth to puncture tough foods; third, Cebus (two species) 
Pithecia, and Chiropotes used extractive foraging to tear through tough outer layers and 
masticate weaker tissues inside (Wright, 2004).  The result of the differential treatment and 
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preferences of tough resources was that each species consumed distinct resources and could 
therefore coexist in the same habitat (Wright, 2004). 
 Some of the data on toughness and craniodental morphology supported each evolutionary 
model (Rosenberger and Kinzey, 1976; Kay, 1975); however, Wright (2004) concluded that 
neither model could sufficiently explain primate dietary adaptations.  For example, Alouatta’s 
molars appeared to be adapted to shear leaves, but it could still use its small incisors to pierce 
tough foods when necessary.  Additionally, although both the cebines and pithecines extracted 
weak tissues from tough exocarps or husks, they used different strategies to do so.  Cebus 
monkeys often manually extracted the inner tissue, whereas the pithecines used robust anterior 
dentition for the same task.  Wright (2004) concluded that not only were gross dietary categories 
(i.e., fruit, flower, leaf) insufficient to predict primate masticatory behavior, but also that existing 
craniodental adaptations might be “exapted” to exploit comparatively rare resources.  Wright 
(2004) advised that detailed data on dietary components, feeding behavior (i.e., manner of 
processing), and resource toughness should be collected on additional primate species in order to 
derive a coherent theoretical framework to understand the evolution of primate craniodental 
morphology. 
 Although the portable field tester has been used in comparatively few primate studies, this 
device has the potential to provide data that can evaluate theories concerning primate evolution 
and adaptation. A focus on ontogeny represents a crucial but lacking aspect of current research 
on primate food properties.  Increased attention on the feeding behavior of juveniles would help 
resolve some long-standing theoretical questions regarding primate life histories.  A precedent 
for such research was established by the initial leaf toughness studies that focused on the 
ontogeny of insect herbivores (e.g., Williams, 1954; Tanton, 1962; Feeny, 1970), and theories 
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linking herbivory and insect ontogeny have continued to expand (Hochuli, 2001).  When 
considering resource mechanical properties and feeding ontogeny in mammals, it is important to 
address the issue of maternal investment and specifically, lactation.  The ability to acquire 
maternal nutrients in the form of milk may enable juveniles to delay the full transition to an adult 
diet, or it may mitigate the potential challenges juveniles face in masticating and digesting tough 
or fibrous resources.  Because lactation is such a defining feature of the mammalian class 
(Oftedal, 2002; Pond, 1977), any study investigating the role of toughness in mammalian dietary 
patterns must consider an ontogenetic perspective in order to answer evolutionary questions.  
Whereas previous research on resource toughness in primates has overlooked the developmental 
component, the current thesis focuses on the ontogeny of dietary patterns in order to determine 
how juveniles transition to an adult diet and what role maternal investment plays in this 
transition.  Combining the theoretical perspective of the research on insect ontogeny with current 
field studies in primatology will help clarify the relationship between diet and the evolution of 
primate life history strategies. 
  
2.8  Maternal investment 
  Trivers (1972: 139) defines parental investment as “any investment by the parent in an 
individual offspring that increases the offspring’s chance of surviving (and hence reproductive 
success) at the cost of the parent’s ability to invest in other offspring.”  In most animal species, 
the burden of investing in the offspring is borne largely (or even entirely) by the mother (Trivers, 
1972).  A crucial element of this thesis is to determine how maternal investment relates to the 
acquisition of foraging competence in a folivorous mammalian species.   
 Mammals have evolved the unique tactic of lactation, during which the mother supplies her 
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offspring with the energy and nutrients necessary for growth and development (Peaker, 1989; 
2002).  Blackburn (1993: 3195) considers the evolution of lactation to be “the most efficient, 
effective, and adaptable means of postnatal nutrient provision that has ever arisen among 
vertebrates.”  One reason why Blackburn (1993) regards lactation to be so effective and efficient 
is because it enables mammals to live and thrive in relatively poor environments that are 
unavailable to other orders of animals, whose reproduction is contingent on the exploitation of a 
habitat that can meet the dietary requirements of both the offspring and adults (Pond, 1977; 
1984).  Pond (1984) points out that young reptiles must forage independently soon after hatching 
and that the diets of these hatchlings often differ dramatically from their adult counterparts.  For 
example, young crocodiles primarily consume insects and arachnids, whereas the adult diet 
consists predominantly of fish and small mammals (Taylor, 1979; Tucker et al., 1996; Wallace 
and Leslie, 2008).  In sea turtles, hatchlings consume an omnivorous diet consisting mainly 
marine fauna; as adults, they become herbivores and subsist on seagrasses and algae (Arthur et 
al., 2008; Bolten, 2003; Bjorndal, 1997; Limpus & Limpus, 2000).  Ontogenetic dietary shifts in 
snakes have also been observed: in venomous rattlesnakes and pit vipers, young individuals feed 
on cold-blooded (ectothermic) prey, whereas adults feed on warm-blooded (endothermic) prey 
(Andrade and Ade, 1999; Andrade et al., 1996; MacKessy, 1988; MacKessy et al, 2003; Saint-
Girons, 1980).  In mammals, the evolution of lactation eliminates the habitat requirement of a 
distinct suite of resources available for both adults and pre-adults (i.e., infants and juveniles) 
because the offspring subsists on its mother’s milk (Pond, 1977; 1984).  Moreover, because milk 
can at least be partially synthesized from stored maternal adipose fat, mothers have some ability 
to maintain themselves and their offspring even in times of food scarcity (Pond, 1984).  Several 
authors argue that these aspects of the mammalian life history strategy gave mammals an 
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evolutionary advantage over reptiles during the Mesozoic era and led to the rise of the 
mammalian order toward the end of this time period (Blackburn, 1993; Oftedal, 2002; Pond, 
1977; 1984). 
 Maternal investment in mammals has traditionally been conceptualized as consisting of the 
two periods of gestation and lactation, but Langer (2008) specifies three distinct phases 
according to the energy that the mother supplies the offspring (Figure 2.1).  The first phase is 
gestation, during which the fetus derives all of its energy from the mother.  Following gestation 
is the period of lactation, which Langer (2008) further subdivides into two stages.  The initial 
stage of lactation is the milk-only phase.  Similar to gestation, the infant derives all of its energy 
and nutrient requirements from its mother during the milk-only phase.  The second stage of 
lactation, and final stage of maternal investment, is the mixed-feeding phase.  During the mixed-
feeding phase, the offspring begins to engage in independent feeding and foraging, while still 
consuming its mother’s milk (Langer, 2008).  Mixed-feeding differs from the previous phases 
because, rather than relying completely on its mother, the offspring provides some of its own 
energy and nutrition.  Following the mixed-feeding period, the offspring ceases to suckle and 
forages completely independently (Langer, 2008). 
 Dividing the phases of maternal investment into distinct periods is important because this 
division reveals how maternal energy expenditure varies throughout the growth and development 
of the offspring (Figure 2.2).  Under Langer’s (2008) scheme, the mother’s energy expenditure 
increases throughout the milk-only period until reaching a maximum at the point of peak 
lactation (e.g. Oftedal, 1984).  Peak lactation is defined as the point at which the offspring’s 
energetic requirements exceed what the mother is able to provide, and the offspring must 
therefore begin to eat solid food (Langer, 2008; Lee et al, 1991).  In howlers, peak lactation (as 
! 53!
evidenced by the initiation of solid food intake) occurs at approximately 10-13 weeks of age in 
females (n=6) and 24 weeks of age (n=5) in males (Clarke, 1982; 1990).  In the current thesis, 
the offspring is considered to be a “young juvenile” during the majority of the mixed-feeding 
stage (beginning around locomotor independence, at approximately 6 months of age: Clarke, 
1982; 1990).  Following peak lactation, the mother’s energy expenditure rapidly declines, as the 
young juvenile increasingly supplements its energetic needs through its own feeding and 
foraging efforts (Langer, 2008).  The mixed-feeding period persists until weaning is completed, 
when the offspring enters the old juvenile stage and supplies all of its nutritional needs.  At this 
point, maternal energetic expenditure is reduced to zero.  In mantled howlers, nutritional 
independence is achieved at approximately 12 to 15 months of age (Clarke, 1982; 1990; 
Froehlich et al, 1981). 
 The evolution of the mixed-feeding period provides an opportunity for mothers to provide 
continued nutrition and energy to their offspring, but at a reduced energetic cost to themselves 
(Langer, 2008; Lee et al, 1991).  Because offspring can “fall back” to their mothers’ milk when 
they have difficulty meeting all their nutritional and energetic needs, they are therefore freed to 
explore adult food sources with limited risks of feeding competition, foraging incompetence, 
digestive and masticatory difficulties, or toxins (e.g., Janson and van Schaik, 1993; Langer, 
2003; 2008; Pond, 1977, 1984).  In this manner, the mixed feeding period allows mothers and 
offspring to share the costs of growth and development.  Such a life history adaptation may be 
particularly important in marginal or seasonal environments, when weanling juveniles are unable 
to supply all of their nutritional and energetic requirements for part or all of the year (e.g., Pond, 
1977; 1984). 
 Langer (2003, 2008) stresses that the mixed-feeding period is particularly important in 
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herbivorous or folivorous mammals, whose diet consists of fibrous, toxic, and difficult-to-digest 
resources.  Digestion of such resources is only possible with a fully functional gut microbial 
population (Langer, 2008).  During the milk-only period, the offspring lacks gut microbiota, as it 
is completely provisioned by its mother’s easily digestible, high quality milk (Langer, 2008).  
Microbial colonization of the gut begins with the intake of solid food during the mixed-feeding 
phase (Langer, 2008).  For herbivorous mammals, Langer (2003) finds that the mixed-feeding 
phase is often protracted relative to mammals that consume little or no fiber and suggests that 
when a digestively challenging diet is consumed, the offspring relies more extensively on 
continuing supplementation with its mother’s milk during the transition to a fully adult diet.  The 
extended mixed-feeding period therefore enables offspring to develop a complex gut microbiome 
gradually while milk still offers protection from the indigestible components of a fibrous diet 
(Langer, 2008). 
 The establishment of a fully functional gut microbiota and the craniodental features 
necessary for leaf-processing are essential for the attainment of feeding proficiency, and by 
extension, lifetime reproductive fitness (i.e., Altmann, 1998).  Despite the importance of this 
process, this life stage remains largely ignored in studies of mammalian development (Langer, 
2008).  The present research directly investigates the mixed-feeding period in herbivorous 
mammals and provides crucial information concerning how juveniles navigate the transitional 
period during which they are developing digestive and anatomical features that enable them to 
subsist on an adult-like diet. 
 
2.9  Conclusion 
 This chapter has reviewed the literature related to the central themes addressed in the 
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thesis.  One of the most important aspects of the current research is to understand the relationship 
between diet and life history.  In anthropoid primates, there is evidence that rapid growth and 
maturation is associated with folivory; however, the opposite condition (slow growth and 
folivory) emerges in strepsirrhines.  Many uncertainties concerning growth rate and dietary 
patterns clearly necessitate further research—such as the current study—on primate life history 
and the ontogeny of feeding and foraging behavior.  One possible explanation for why previous 
research has failed to find concordance in the overall rate of maturation and diet across primate 
taxa is that the different life history traits are dissociable and not necessarily tied to the same 
developmental schedules.  For instance, growth rate of the body may be slow, while the 
maturation of the teeth may be rapid.  As Godfrey et al. (2003) point out, the end result is an 
overall dissociable developmental pattern that best enables the offspring to meet its dietary 
needs. 
 This chapter reiterates a fundamental theme underlying the thesis:  that diet in early 
ontogeny is fundamental in establishing lifetime reproductive success (Altmann, 1998).  Despite 
the importance of Altmann’s (1998) findings, few investigations have been conducted on the 
ontogeny of feeding behavior in primates.  Of the existing published research, several studies 
indicate that juveniles rapidly attain adult-like feeding proficiency, while others suggest that 
juveniles require an extended period of time before they are able to effectively feed on a diet of 
adult resources.  Few studies have been conducted on primarily folivorous primates, and none 
directly investigating this issue have been conducted on mantled howler monkeys.  This thesis 
provides important information on how mantled howler juveniles make the transition to an adult-
like diet, and how these feeding patterns relate to the life history strategy of this leaf-eating 
species. 
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 Resource toughness and the relationship between food properties and developmental 
patterns are other central themes of the thesis.  This chapter reviews the literature on resource 
toughness and life history and highlights that despite the importance of these issues, such 
investigations remain scant in primate research.  Recent advancements in the technology 
available to examine resource toughness have enabled increased research in this area; however, 
no primatological studies to date have investigated resource toughness from an ontogenetic 
perspective.  The current thesis is the first to incorporate juvenile feeding data in a study of 
resource mechanical properties.  Finally, this chapter briefly discusses maternal investment and 
specifically, how lactation may provide juveniles with a buffer against tough, fibrous, or toxic 
resources.  Langer’s (2008) differentiation between the milk-only phase and the mixed-feeding 
period of lactation is a crucial distinction.  The mixed-feeding period in particular is essential for 
herbivorous mammals, such as howler monkeys.  The evolution of this developmental stage 
enables juveniles to make initial forays into solid food resources that enable the inoculation of 
their digestive tracts with gut microbiota.  Yet rather than being abrupt, the transition to an adult 
diet is gradual because of the juvenile’s continued reliance on its mother’s milk.  In this manner, 
juveniles can fully acquire the gut microbes necessary to digest a folivorous/herbivorous diet 
prior to being completely weaned. 
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FIGURES AND TABLES 
 
Figure 2.1:  Phases of maternal investment.  Modified from Langer (2008). 
 
 
 
 
 
Figure 2.2:  Energy involved in maternal investment.  Modified from Langer (2008). 
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Table 2.1:  Annual diet of mantled howler monkeys at different sites. 
Leaves Fruits Flowers Petioles Other Site Reference 
48.2% 42.1% 9.6% -- * 
0.1% 
Barro 
Colorado 
Island, Panama 
Milton (1980) 
71%  
65%immature       
6% mature 
17% 11% 1% -- La Selva, 
Costa Rica 
Stoner (1996) 
 
63.6% 
44.2% 
immature 
19.4% mature 
12.5% 18.2% 5.7% -- Hacienda La 
Pacifica, Costa 
Rica 
Glander 
(1978) 
49.3% 
39.3% 
immature 
10% mature 
49.9% 0.2% -- *0.6% Los Tuxtlas, 
Mexico 
Estrada (1984) 
  
45% 
34% 
immature 
11% mature 
51% 1% 1% *2% Los Tuxtlas,  
Mexico 
Estrada (1982) 
46% 
36% 
immature 
10% mature 
53% N/A N/A -- Los Tuxtlas, 
Mexico 
Estrada and 
Coates-Estrada 
(1986) 
*= calculated from author's data 
 
 
Table 2.2:  Sites of previous research on mantled howler monkeys. 
Site Mean 
Rainfall 
Range of 
Rainfall 
Dry 
Months 
Wet 
Months 
Reference 
Hacienda La 
Pacifica, 
Costa Rica 
1533 mm 1007-2266 
mm 
 
November-
May 
May-
November 
Frankie et al (1974) 
Santa Rosa 
National Park, 
Costa Rica 
N/A 900-2400 
mm 
 
December-
May 
June-
November 
Glander et al (1991) 
Barro 
Colorado, 
Panamá 
2616 mm 1676-3632 
mm 
 
January-
April 
May-
November 
Milton (1980); Rand 
and Rand (1982) 
La Selva 
Biological 
Reserve, 
Costa Rica 
3962 mm 3239-4685 
mm 
 
Less wet 
January-
April 
Mainly 
continuous 
Sanford (1994); Stoner 
(1996) 
La Suerte 
Biological 
Field Station, 
Costa Rica 
3962 mm 3239-4685 
mm 
 
Less wet 
from 
February-
April 
Mainly 
continuous 
Sanford et al (1994) 
Los Tuxtlas, 
México 
4900 mm N/A March-May June-
February 
Estrada (1982) 
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Table 2.3:  Alouatta palliata life history characteristics 
Life history trait Age 
Female maturation 43 months (age at first birth) 
Male maturation 36 months (testes descend), 50 months (first copulation 
Estrus 16 days 
Gestation 186 days 
Interbirth interval 22.5 months 
 
 
Table 2.4:  Age at female reproductive maturation (age at first birth) in the Atelines 
Genus Age at first 
birth 
Reference 
Alouatta palliata 3.5 years Glander (1980); Froehlich et al., 
(1981) 
Ateles geoffroyi 7 years Milton (1981) 
Brachyteles arachnoides 
hypoxanthus 
8.9-9.25 years Strier (1996) 
Martins and Strier (2004) 
Lagothrix lagotricha 9 years Nishimura (2003) 
 
 
Table 2.5:  Diet of Ateles, Brachyteles, and Lagothrix 
Species Leaves Fruits Flowers Other Site Reference 
Ateles 
paniscus 
7.9% 82.9% 6.4% 2.8%* Voltzberg 
Nature 
Reserve, 
Surinam 
van 
Roosmalen 
(1986)   
Brachyteles 
arachnoides 
51% 32% 11% 6% Fazenda 
Montes 
Claros, Minas 
Gerais, Brazil 
Strier 
(1991) 
Brachyteles 
arachnoides 
33.2% 59.2% 4.1% 3.6% Carlos 
Botelho State 
Park, Brazil 
Carvalho 
et al. 
(2004) 
Lagothrix 
lagotricha 
16.2% 80.7% 3.1% -- Tefe, 
Amazonas, 
Brazil 
Peres 
(1994) 
* = calculated from author's data 
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Table 2.6:  Foraging proficiency in relation to reproductive maturation (age at first birth). 
Species Age at foraging 
proficiency 
Age at female reproductive 
maturation 
Gorilla gorilla 
berengei 
3-4 years (Watts, 1985) 10-12 years (Harcourt et al., 
1981; Watts, 1991) 
Saimiri sciureus 8-12 months (Stone, 
2004), approx 6-8 
months (Boinski and 
Fragaszy, 1989) 
3.5 to 4 years (in captivity, Taub, 
1980) 
Papio cynocephalus 1.4 years (Altmann, 
1998) 
5.5 years (Altmann and Alberts, 
2003) 
Eulemur fulvus 10-12 months (Tarnaud, 
2004) 
2-4 years (Overdorff et al., 1999) 
Cebus capucinus 1-2 years (MacKinnon, 
2005) 
5-7 years (Fedigan and Jack, 
2001) 
 
! 61!
CHAPTER 3:  METHODOLOGY 
 
3.1  Introduction 
This research tests the hypothesis that accelerated maturation in mantled howler monkeys 
is an evolutionary adaptation that enables the rapid completion of a developmental period during 
which juveniles cannot feed or forage on an adult-like diet effectively.  Several predictions must 
be met in order to support this hypothesis.  First, I expect that juveniles are less efficient foragers 
than adults and therefore have distinct activity profiles.  As a result of juveniles’ inadequate 
feeding and foraging abilities, my next prediction is that juvenile and adult diet and feeding 
behaviors differ, particularly with respect to tough resources.  Third, I predict that juveniles’ 
feeding and foraging inefficiencies should prompt them to “fall back” to their mother’s milk 
during seasonal periods of food scarcity when howlers shift to resources that are tough or 
digestively challenging.  Fourth, I expect to find juveniles’ dietary difficulty evidenced by 
elevated juvenile mortality throughout periods of resource scarcity.  I evaluated each of these 
predictions by conducting intensive research on mantled howler monkeys (Alouatta palliata) 
living at La Isla de Ometepe, Nicaragua, from August 2006 through August 2007.  I investigated 
feeding and foraging behaviors and dietary resource mechanical properties across age classes of 
howlers in order to clarify the relationship between the howler life history strategy and their 
dietary regime.  This research helps determine whether or not rapid maturation in howlers may 
be an adaptation to their folivorous diet and also, the degree to which various features of howler 
life history are dissociable from one another. 
This chapter briefly presents a background on the field site and study groups.  I then 
present my methodology for general behavioral data collection and detail specifically how I will 
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collect data to address each of the predictions of my overall hypothesis.  I also describe the 
portable toughness tester and the protocol for the collection of data on resource mechanical 
properties.  I conclude the chapter with a discussion of the statistical methodology I used to 
analyze my data and an explanation of some of the statistical problems inherent in the analysis of 
behavioral or ecological data. 
 
3.2  Background 
Ometepe is an island located in Lake Nicaragua (also called Lago Cocibolca) (Figure 
3.1).  Approximately 276 km
2
, Ometepe is the world’s largest island that is completely contained 
in a fresh-water lake (Garber et al., 1999).  The island is comprised of two volcanoes:  the active 
Volcan Concepción (1610 m) and the inactive Volcan Maderas (1394 m) (Haberland, 1992; 
Salas Estrada, 1993).  The top one-third of Volcán Concepción lacks vegetation, and frequent 
deposits of ash have provided a volcanic plain of rich soil for nearly constant agriculture  
(Haberland, 1992).  In contrast, Volcan Maderas has a crater lake at its summit and remains more 
densely forested than Concepción (Haberland, 1992).   
The island was first populated by humans approximately 4000 years before present 
(Haberland, 1992).  Although there is some suggestion that people initially visited Ometepe for 
ceremonial or religious purposes (Garber et al., 1999), the first inhabitants of the island were 
likely agricultural people, who sought the fertile soils of Volcan Concepción (Haberland, 1992).  
Currently, the population exceeds 40,000, and the island’s two largest cities (and only ports) are 
Moyogalpa and Altagracia, located on Volcan Concepción (Garber et al., 1999).  
 Prior to the revolution in 1979, much of Volcan Maderas was owned by the family of 
Anastasio Somoza, the former president of Nicaragua (Haberland, 1992).  The village of Mérida 
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was the former “administrative center” of the Somoza family’s agricultural activities, which 
principally included cattle grazing and the cultivation of coffee, cotton, and tobacco (Haberland, 
1992: 67).  Today, local families privately own land and practice subsistence agriculture (mainly 
growing rice, beans and plantains) (Garber, personal communication; personal observation).   
Political unrest, revolution, and civil war have severely hampered ecological research on 
the flora and fauna of Nicaragua (Crockett et al., 1997; Garber et al., 1999). Both mantled howler 
monkeys (Alouatta palliata) and white-faced capuchin monkeys (Cebus capucinus) are endemic 
to Ometepe Island (Crockett et al, 1997; Garber et al, 1999); however, it is unknown how long 
these primate species have inhabited Ometepe and how they initially arrived (i.e., whether they 
rafted on vegetation to the island or were transported by humans).  The present study on the 
ontogeny of mantled howler feeding and foraging behavior is the first long-term research project 
of primates in this region.  Prior to the establishment of the Estación Biológica de Ometepe in 
1997, no studies were published concerning the behavioral ecology of primates on Ometepe, and 
to date, the only published research from this field site comes from short-term projects (e.g., 
Garber et al, 1999; Winkler et al, 2004).  My research provides basic data on mantled howlers in 
an area where this species has not been thoroughly investigated and where deforestation, an 
expanding human population, and increasing tourism may threaten its existence.  
 
3.3  Study groups and field site 
 I conducted this project near the village of Mérida, on the western slope of Volcan 
Maderas (11.4366° N, 85.5492° W) (see Figure 3.1).  This site was ideal for my research for 
several reasons:  1) howler groups on Ometepe were easy to locate and follow (Raguet-
Schofield, 2005), 2) visibility was generally good (Raguet-Schofield, 2005), and 3) the Estación 
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Biológica de Ometepe provided infrastructure and logistical support throughout the study.  The 
forests surrounding the field site are characterized as semi-deciduous and dry, receiving an 
annual rainfall of approximately 1200 to 1900mm (Salas Estrada, 1993; Garber et al, 1999).  
Most of the rainfall occurs from May through November; during the dry season (from December 
through April) many of the trees lose their leaves (Salas Estrada, 1993).  During field research, I 
collected daily rainfall in a rain gauge and determined that 1513 mm of rain fell from September 
2006 through July 2007 (Figure 3.2).  The months of December, January, February, and March 
were particularly dry:  less than 7cm of rain fell in these 4 months combined.  The rains began 
again in April and peaked in June, when more than 40cm of rain fell.  The study began at the end 
of the wet season, and included a transition between the wet and dry, the entire dry season, 
another transition between the dry and wet, and then continued into the beginning of the next wet 
season.  Therefore, the study includes five seasons (see Table 3.1):  Wet 1 (August 2006 through 
October 2006), Transition 1 (November and December 2006), Dry (January 2007 through March 
2007), Transition 2 (April and May 2007), and Wet 2 (June 2007 through August 2007).   
For this research, I observed 2 groups of mantled howler monkeys (the North Group and 
the South Group) that inhabited a forest patch of approximately 19 hectares (Figure 3.3).  Group 
composition varied throughout the course of the study; however, each group generally contained 
approximately 20 individuals (see Chapter 7):  4 males, 8-10 females, and 4-7 infants and 
juveniles. 
 Both North and South Groups lived in close proximity to human subsistence and 
agricultural activities.  I encountered humans in the forest on 86% of observation days and dogs 
on 27% of observation days.  In addition to being in close proximity to agricultural fields, much 
of this area of the forest was in the early regenerating stage after having previously been 
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cultivated land.  According to local community members, regions of the forest used by the North 
Group had been rice and corn fields approximately 10-20 years prior to the beginning of this 
study.  The core area of the South Group, owned by the Molina family, was a shade-grown 
coffee plantation just 5 years before this project began (Alvaro Molina, personal 
communication), and coffee plants—though currently uncultivated—were still growing in this 
region.  Local residents also reported that the area where the North and South Group’s ranges 
overlapped (an area that both groups used intensely) had been used for grazing cattle and 
growing bananas as recently as 5 years ago.  Banana plants and a single mango tree still grew in 
this part of the forest.  In November, 2006, the land owner sold this area to North American 
tourists, who began building a cabin at the forest edge in January 2007. 
 Although dogs were present at the field site, the howlers appeared to have no natural 
predators.  No large felids are present on the island.  Various snakes, including boa constrictors 
(Boa constrictor), are present; however, I rarely saw snakes in the forest (approximately 7 snakes 
noted during the entire study period), and I never encountered boas while observing howlers.  
While it is possible that boas may represent a natural predator of howler monkeys on the island, 
Crockett et al. (1997) report one incident of seeing a group of howlers on Ometepe resting—
without any apparent alarm—in the same tree as a coiled, sleeping boa.  Certain birds of prey, 
such as common black hawks (Buteogallus anthracinus) are present on the island, but howlers 
never showed concern when these or other birds were nearby. 
 
3.4  General behavioral data collection  
From August 2006 through August 2007 (note that August 2006, December 2006 and 
August 2007 were truncated months), I collected a total of 1285.5 hours of focal observations 
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(656 on the North Group and 629.5 on the South Group; see Table 3.2).  Juvenile data were 
collected only from August 2006 through July 2007.  No juvenile data were collected in August 
2007 for two reasons: first, this was a truncated month; and second, juvenile mortality during the 
previous months of the study left few subjects of the right age (see Chapter 7).  For the majority 
of analyses, August 2006 data were omitted, leaving a total of 1258 hours of observations 
collected over 137 days. 
I collected behavioral data using a handheld computer (HP iPaq models rx3115 and 
h4355) that was running Databook Software (created by Rob Raguet-Schofield).  This software 
is specifically designed for the collection of behavioral data in the field.  Using Databook 
Software, I could collect both point samples (i.e., instantaneous samples) and the duration of 
events (i.e., continuous samples) (Altmann, 1974) by recording a “start” point and a “stop” point 
of a particular activity. 
Every month, I followed the North and South Groups for 6 days each, totaling 12 days of 
behavioral data collection per month.  Each day of behavioral data collection, I randomly 
selected a focal animal and followed this individual for the entire day (10-12 hours), collecting 
instantaneous focal animal samples at two-minute intervals (Altmann, 1974).  Within each 
group, I observed adult females, adult males, and juveniles (see Table 3.3) for 2 full days.  
Following Glander (1980), Froehlich et al. (1981) and Degusta and Milton (1998), I considered 
females adult when they had attained full body size and had a developed mantle (beginning 
approximately 42-48 months), and I considered males adult when they had attained full body 
size, had a developed mantle and beard, and their testes had descended (beginning at 
approximately 48-60 months).  I classified individuals as infants as long as they depended on 
their mothers for locomotion (ventral transport from birth to approximately 1 month and dorsal 
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transport from 1 month to approximately 6 months: Clarke, 1982; 1990; Glander, 1980).  I 
considered individuals to be young juveniles when they were locomotor independent and 
beginning to consume solid foods (from 6 to approximately 12 months); old juveniles were 
weaned but lacked secondary sexual characteristics (approximately 12-24 months) (Glander, 
1980; Froehlich et al., 1981; and Degusta and Milton, 1998).   
During the first half of the study (August through February), each group contained 3-5 
young juveniles, and observation of this age class predominates for the “juvenile” category 
during these months.  A total of 10 young juveniles were observed throughout the entire study.  
During the second half of the study (March through August), observations include 4 old 
juveniles (2 present in each group), who had been young juveniles at the beginning of the study.  
For many analyses in this thesis, both categories of juvenile have been combined, in order to 
facilitate comparison throughout the entire year of research.  Whenever I use the general term 
“juvenile,” I am referring to both young and old juveniles.  When separation of these categories 
is necessary and relevant, I provide the appropriate details. 
 
3.5  Prediction 1:  Activity profiles 
 The first prediction of the overall hypothesis is that juveniles forage less efficiently than 
adults and as a result, have distinct activity profiles.  I evaluated this prediction by collecting data 
on the activity budgets of adults and juveniles.  At each two-minute interval throughout the day, I 
scored the focal animal’s activity as rest, forage, feed, travel, play, social, other, or unknown 
(Table 3.4).  I recorded nursing as a subcategory of resting for juvenile focal animals; that is, the 
bouts were scored as “Rest-Nurse” and unless otherwise noted, have been included in the overall 
category of “Rest” for young juveniles.  Bouts were considered to be “Rest-Nurse” when young 
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juveniles were resting ventrally on their mothers, in a position that would have enabled suckling.  
It is possible that foliage and distance may have obscured some nursing bouts, leading to an 
underestimate of the time spent nursing in some cases.  It is also possible that nursing time may 
have been overestimated during particularly long bouts when young juveniles rested ventrally on 
their mothers without taking milk.  Nonetheless, the figures reported for nursing time represent 
the best possible estimate given the conditions of observation.   
I used these data to compare the activity profiles of adults and juveniles and determine 
the degree to which foraging behaviors differed according to age class.  I directly compared the 
proportions of the day devoted to each activity, which enabled me to evaluate how juvenile daily 
feeding and foraging compared with that of adults.  I also created an index of foraging success by 
comparing the forage to feed ratio across age classes.  A large forage to feed ratio indicates that 
more time was spent foraging relative to time spent feeding, and therefore, foraging efficiency 
can be considered reduced.  Conversely, a small forage to feed ratio indicates increased foraging 
efficiency by relatively less foraging time compared to feeding time. 
Because juvenile foraging inefficiencies may also result from social factors (i.e., 
conspecific exclusion) rather than dietary properties, I collected data on social interactions.  I 
recorded the identity of the focal animal’s nearest neighbor, the distance to the nearest neighbor, 
the number of animals within the tree crown, and the number of animals within 5 meters.  In 
addition to proximity data, I recorded the nearest neighbor’s activity.  Analysis of the nearest 
neighbor’s activity reveals whether or not the howlers concurrently engaged in the same 
behaviors.  Juveniles, if socially excluded by adults during feeding bouts, are expected to feed at 
times when adult conspecifics are engaged in behaviors unrelated to food (i.e., resting or 
traveling).  Conversely, if social exclusion is not a factor in juvenile feeding and foraging 
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behavior, juveniles are expected to feed concurrently with other members of the group.  I also 
recorded all instances of aggression at feeding sites in order to determine whether juveniles were 
forcibly excluded by conspecifics during feeding bouts.   
 
3.6  Prediction 2:  Diet and Feeding behaviors 
 My second prediction is that juvenile and adult dietary patterns and feeding behaviors 
differ.  I expect that juveniles either avoid tough resources contained in the adult diet or that they 
process these resources differently.  In order to evaluate this prediction, I collected behavioral 
data on the components of the howler diet and the manner in which they process these resources, 
and I also conducted toughness tests on the foods that howlers consumed. 
3.6a:  Dietary data 
When I scored the focal animal’s activities as “feed,” I collected observations 
continuously; that is, I recorded the “start” point and “stop” point of the feeding bout, and I noted 
any changes in feeding behavior or nearest neighbor distance/activity throughout the bout.  I 
categorized foods as young leaves, mature leaves, unknown leaves, unripe fruits, ripe fruits, 
flowers, petioles, buds, pods (green or brown), other, and unknown.  I separated pods from 
regular fleshy fruits on the basis that pods may have presented a different set of masticatory 
demands as compared to fleshy fruits.  I recorded the plant species continuously during feeding 
bouts.  Plant species identifications were made by comparing voucher samples with images and 
descriptions in Salas Estrada (1993) or with the aid of local residents and Nicaraguan botany 
students from the Universidad Nacional Autónoma de Nicaragua, Managua.  Whenever visibility 
permitted, I continuously recorded whether the animal used its incisors and canines (ingestion) or 
premolars and molars (mastication) to consume the food (Wright, 2004).  During leaf-feeding 
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bouts, I also noted whether the focal animal fed on the tip-only of the leaf—one possible way 
that that may howlers avoid the tougher basal portions of leaves (Teaford et al, 2006).  These 
detailed feeding records enable me to compare adult and juvenile feeding behaviors, in terms of 
gross food category, plant species, plant part, and mode of consumption (ingest or masticate).   
3.6b:  Toughness data 
 I collected toughness data using a Darvell portable mechanical properties tester, designed 
specifically for use in the field (Darvell et al., 1996; Lucas et al., 2001; Lucas, 2004). The field 
tester is a “miniaturized version of the universal testing machines” that are most typically used in 
laboratories, such as engineering and the food sciences (Lucas, 2004: 272).  The stainless steel 
frame of the tester is connected to a data integration box and a notebook computer running a 
program for the measurement of food toughness (written by Peter Lucas, using LabView 
software). (see Figure 3.4).  The test frame includes a load cell (either 10 Newtons or 100 
Newtons), which converts the force of the measurement to an electrical signal.  Scissors (Dovo, 
Germany) are mounted to the test frame, and toughness (i.e., the energy necessary to make a cut) 
is measured as the displacement required for blade closure as the material is cut. 
 Before each cut, I cleaned the scissor blades with alcohol swabs, and then I recorded an 
empty pass of the scissor blades to measure friction.  I dissected an approximately 1 cm
2
 tissue 
sample (using a razor blade), placed the sample between the scissor blades, and turned the crank 
attached to the testing frame in order to close the blades and make a cut, thus recording the work 
required to cut the sample.  I then calculated the area of the cut using dial calipers to measure the 
cut length and a dial micrometer to measure the thickness, or width (both from Precision Graphic 
Instruments).  I entered these measurements into the computer and subtracted the work of the 
empty pass.  The resulting figure (in J m
-2
) provides an accurate measure of toughness, defined 
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as the work (i.e., energy) required to propagate a crack through the material (Lucas and Pereira, 
1990). 
 For all toughness tests, I used 5 samples of each item (i.e., 5 leaves, 5 flowers, 5 pods, etc). 
For leaves, Teaford et al. (2006) determined that different portions (tip, midleaf, base) vary in 
toughness, and they have outlined a protocol for taking toughness measurements at various 
locations along a leaf.  I used a modified version of Teaford et al.’s (2006) protocol, including 
Cut 1, Cut 4, Cut 5 and Cut 6 (see Figure 3.5).  For certain leaves, I also recorded a cut in the 
middle of the leaf (including both the lamina and midvein).  Additionally, for some very small 
bipinnate leaves (Harris and Woolf Harris, 2001), dissecting the different leaf parts was not 
possible; therefore, I made one cut through the center of the leaf and designated this cut as “Cut 
7.”  
 The majority of my analyses focus on Cut 1, Cut 5, and Cut 6.  Cut 1 is a measure of the 
“least tough path” through the lamina of the leaf; this cut includes a portion of the lamina 
towards the middle of the leaf and excludes all veins (Teaford et al, 2006).  Cut 5 is a measure of 
the toughness of the leaf tip and includes the midvein (Teaford et al, 2006).  Cut 6 is a measure 
of the toughness of the leaf base, also including the midvein at this region (Teaford et al, 2006).  
These three cuts were chosen for analysis because 1) these are the cuts most frequently compared 
throughout the literature, and 2) these cuts provide a baseline measure of lamina toughness (cut 
1), a measure of the leaf part most generally preferred by the howlers (cut 5), and a measure of 
the leaf part most generally avoided by the howlers (cut 6) (Teaford et al., 2006).  Using these 3 
cuts, it is possible to define the range of the toughness of foods that howlers consume and also 
provide information about the threshold at which foods are rejected (i.e., leaf base). 
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3.6c:  Sample collection 
Approximately once per week, I collected samples of the foods that I observed the 
monkeys eating and quantified the toughness of these foods.  Samples were collected in one of 
two ways.  First, because howler monkeys tend to drop foods as they are eating (Milton, 1980; 
1999; Shoemaker, 1979), it was often possible to collect and test samples that the monkeys had 
dropped.  This food collection method, though opportunistic, was the preferred method because 
it enabled me to test foods from the exact location in the tree crown where the howlers were 
feeding.  In addition, dropped samples often contained tooth marks, which served as an indicator 
of the plant part (i.e., leaf tip) on which the howler had been feeding.  Thus, the collection of 
dropped food samples allowed me to test the foods that were as close as possible to the actual 
food that the howler had consumed.  Alternatively, for plant parts that were not as frequently 
dropped, I collected samples either by using a high limb chain saw to remove small sections of 
terminal branches or from a field assistant, who climbed the tree to remove a sample.  These 
samples were collected immediately after the feeding bout had ended and howlers had departed, 
and the samples were taken from as close as possible to the location in the tree crown where the 
howler had been feeding.  All samples were sealed in plastic bags and transported to the field 
station, where I conducted tests within 24 hours of collection (Teaford et al., 2006). 
 
3.7  Prediction 3:  Juveniles “fall back” to their mothers’ milk 
The third prediction is that juveniles “fall back” to their mothers’ milk during seasons of 
resource scarcity when available foods are too difficult for them to chew or digest.  In order for 
this prediction to be met, there must be evidence that food becomes scarce during certain seasons 
and that howlers shift their diets to lower quality, or tougher, foods.  Dietary stress may also be 
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indicated by increased aggression or feeding competition at feeding sites.  Juveniles should 
continue nursing throughout this period of scarcity and cease or decrease nursing once more 
readily digestible food becomes available again. 
3.7a:  Ecological evidence of dietary stress 
The collection of ecological data provided an assessment of the relative abundance of 
resources throughout the year.  During the first four months of the study (August 2006-
November 2006), howler feeding and ranging patterns were assessed, and on the basis of these 
initial observations, a sample of 56 trees and vines were selected for monthly phenological 
monitoring.  This sample included 51 individual trees of 22 different species and 5 vines (see 
Table 3.5), comprising over 84% of the howler diet.  More detailed phenology data of this region 
has already been collected by Williams-Guillén (2003).  By focusing on only the trees that 
howlers consumed, this study builds on the previous database of Williams-Guillén (2003). 
At the middle of each month (from December 2006 through August 2007), each tree and 
vine was assessed for the presence of young leaves, mature leaves, unripe fruit, ripe fruit, 
flowers, green pods, brown pods, and buds.  I assessed the trees and vines based on the 
proportion of the plant covered by a particular food category, with a maximal value of 100% for 
all categories combined.  By considering only the food species and individual plants from which 
howlers fed, I was able to sample the actual availability of howler foods and determine whether 
or not certain resources became seasonally scarce.  Similar methodology has been used in 
feeding and foraging studies of squirrel monkeys (Stone, 2004), gorillas (Doran et al., 2002), and 
saki monkeys (Norconk, 1996).  
In order to determine if howlers modified their diets in response to seasonal shifts in food 
availability, I analyzed feeding data and toughness data (both discussed above) by month.  I 
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compared these monthly dietary patterns with measures of rainfall and the results of the 
phenological sampling to gain an understanding of howler responses to fluctuations in resource 
availability. 
3.7b:  Social indications of dietary stress 
As an additional measure of dietary stress, I analyzed patterns of aggressive interactions 
at feeding sites.  Whenever an act of aggression occurred during a feeding bout, I recorded the 
actor, the recipient, and the nature of the incident as an ad libitum data point.  In addition, I 
recorded all occurrences of intergroup encounters (IGEs).  Whenever two or more groups came 
into contact with each other, I considered the event to be an IGE.  I noted the intensity of the 
encounter and what types of interactions took place, in order to rank the IGE according to 
severity.  Based on notations describing the types of interactions that took place and the intensity 
of the encounter, I created a scale (Table 3.6) to rate the IGE.  IGEs with a rank of 1 were the 
least intense, consisting of groups peacefully intermingling with no fighting or vocalizations.  
IGEs were given a rank of 2 if howling occurred, and a score of 3 was given if both howling and 
chasing were part of the interaction.  I scored IGEs as 4 if howling, chasing, and fighting 
(physical contact, such as biting and hitting) occurred.  IGEs with a rank of 5 were the most 
intense—featuring howling, fighting, and intensive chasing that resulted in animals being chased 
to the ground and/or injured.  
I also noted whether or not feeding occurred during or following the encounter (within 30 
minutes), and if feeding did occur, I recorded the food type.  An IGE was considered to have 
ended once the groups separated.  If groups came into contact later in the day, I recorded the 
event as a new IGE.  However, if groups remained in contact throughout the day, I considered 
the event to be a single IGE, even if the groups were together for the entire day.  In cases where 
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IGEs were all-day events, I gave the IGE the score of the most severe interaction observed.  For 
example, if groups mingled peacefully for several hours but fighting occurred at some point 
during the interaction, I considered the interaction to have involved fighting and ranked it 
accordingly.  I used these data to detect patterns in intergroup aggression and determine whether 
IGEs occurred more frequently or more severely while food was scarce. 
3.7c:  Dietary shifts and juvenile nursing patterns 
 This prediction also requires that howlers shift their diets to lower quality, or tougher, 
resources during periods of food stress.  I evaluated this expectation by analyzing monthly 
dietary and resource toughness patterns throughout the year.  If juveniles experienced difficulty 
in making these shifts, I expected to find evidence of overall reduced juvenile foraging efficiency 
(see above) as well as continued nursing throughout the period of dietary stress.  In addition to 
monthly comparisons of the proportion of the total activity budget that juveniles spent nursing, I 
also analyzed the ratio of nursing time to feeding time.  This analysis enabled me to determine 
the importance of milk in the diet of juvenile howlers throughout the months of the study.  
Comparing the relative importance of milk with other resources provided an indication as to 
whether or not juveniles “fall back” to milk during certain seasons or months of the year when 
available foods may be scarce or increasingly tough. 
 
3.8  Prediction 4:  Juvenile mortality is increased during periods of food stress 
My fourth prediction is that juvenile mortality is increased during seasonal periods of 
food stress.  In order to evaluate this prediction, I daily recorded the size and composition of the 
group that I was following.  Whenever births or deaths/disappearances of any age class occurred, 
I noted the event.  Because howlers often form subgroups (Gaulin et al, 1980; Leighton and 
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Leighton, 1982; Chapman, 1989; Bezanson et al., 2008), I did not always encounter every group 
member each day.  Therefore, I have compiled monthly ad libitum records of group composition 
in order to generate the best possible estimates of the population dynamics of my study groups 
throughout the project.   
 
3.9  Statistical analyses  
Statistical analyses were conducted using PAST software (Hammer et al., 2001).  I first 
assessed all samples for normality using the Shapiro-Wilk test.  Virtually all behavioral samples 
violated the assumptions of normality as a result of variation in the data.  In addition, lack of 
individual recognition of focal animals and occasional switching of focal animals when the 
original animal was lost result in non-independence of data points (Harrison et al., 2009)—a 
problem common of behavioral data collection (Kowalewski, 2007).  Because calculating means 
for each individual was not possible, I have pooled all individuals of a given age class together in 
order to compute monthly means for each age class, in terms of activities and dietary patterns.  
These factors (deviations from normality and non-independence of data points) necessitate the 
use of non-parametric statistics for the majority of analyses.   
The Kruskal-Wallis test is a non-parametric alternative to the ANOVA test that is 
appropriate to use when data are not normally distributed (Zar, 1996).  Even in cases where the 
compared samples do not have the same dispersion or shape, the result of the test remains robust 
(Zar, 1996).  I used the Kruskal-Wallis test to determine if there were statistical differences 
among adult males, adult females, and juveniles in activity budgets, feeding and foraging 
behaviors, and dietary patterns (i.e., differential consumption of the gross dietary categories).  
Where differences were significant, I used PAST’s Bonferroni-corrected post hoc Mann-
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Whitney test (a non-parametric alternative to the t-test) (Hart, 2001) to determine which of the 
populations differed.  I also used these tests to compare activity and dietary patterns across 
months of the study. I conducted Pearson’s correlation tests Spearman’s rank correlation tests (an 
appropriate measure of non-parametric data) (Zar, 1999) to determine if any of the howlers’ 
activities correlated with rainfall or if increases in any one activity (such as resting time) were 
accompanied by decreases in some other activity (such as feeding time).  For all tests, I set the p-
value for detecting significance at p<0.05. 
For resource toughness, the range of values spanned multiple orders of magnitude; 
therefore, I log-transformed the data.  Log transformation resulted in more normalized 
distributions, and I analyzed the data using parametric statistics.  I used the Student’s t-test to 
identify differences between young and mature leaves of the same species. I used ANOVA tests 
to detect between species or seasonal differences in leaf toughness and also to determine if there 
were toughness differences in the location of the cut.  When differences were significant, I used 
Tukey’s post-hoc test to determine which of the samples differed.   
Caution should be exercised when interpreting the statistical significance of these results.  
The large number of statistical tests conducted in this thesis increases the probability of 
committing Type 1 error; that is, failing to reject the test when it is, in fact, false (Peres-Neto, 
1999; Zar, 1996).  With a 0.05 level of significance, the risk of Type 1 error for each individual 
test is 5%; however (particularly considering two-sample comparisons), each additional test 
compounds this error and leads to an increased chance of concluding that two samples are 
significantly different when they actually have been drawn from the same population (Peres-
Neto, 1999; Zar, 1996).  Peres-Neto (1999) maintains that the danger of significance being 
attributed to non-significant differences is a problem not just for pair-wise comparisons (such as 
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the Mann-Whitney test) but for any situation in which multiple statistical tests are conducted.  
One possible way to circumnavigate this problem is to apply a Bonferroni correction factor, 
which takes into account the number of samples being compared and accordingly adjusts the p-
value to ensure that Type 1 errors are not elevated (Miller, 1981; Simes, 1986; Peres-Neto, 
1999).  However, applying a Bonferroni correction to reduce Type 1 error results in such a small 
p-value that an elevated risk of Type 2 error (that significant differences remain undetected) 
becomes problematic (Peres-Neto, 1999; Perneger, 1998; Simes, 1986).  Perneger (1998) advises 
researchers to provide specific details about the samples used and the tests conducted so that 
readers can critically evaluate the validity of the results.  In the present study, a Bonferroni 
correction factor has been applied to the post-hoc Mann-Whitney comparisons in order to 
generate the most conservative estimates of whether or not statistical differences exist across 
groups, age-classes, and seasons.  Where relevant, I provide descriptive statistics and detailed 
information concerning behaviors that may be biologically (though not necessarily statistically) 
significant. 
 
3.10  Conclusion 
 This chapter has described the study groups and field site and discussed the methodology 
used to test each of the predictions outlined by the overall hypothesis of the thesis.  In the 
remaining chapters, I present the results and evaluate whether or not dietary patterns have 
influenced the evolution of the howler life history strategy. 
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Figure 3.1: Nicaragua and La Isla de Ometepe 
 
 
 
Figure 3.2:  Rainfall data 
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Figure 3.3:  Study site 
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Figure 3.4:  Toughness tester 
 
 
 
Figure 3.5:  Leaf Cut Protocol (Image from Teaford et al, 2006).  For this research, cuts 1, 5, 
and 6 were recorded. 
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Table 3.1:  Classification of seasons. 
Season Months 
Wet 1 August, September, October 2006 
Transition 1 November, December 2006 
Dry January, February, March 2007 
Transition 2 April, May 2007 
Wet 2 June, July, August 2007 
 
 
Table 3.2 a and b:  Data collection schedule.   
    
Table 3.2a:  Hours of data collection on the North Group. 
North group Adult male Adult 
female 
Young 
juvenile 
Old juvenile Totals 
August 2006 5 0 7 0 12 
September 2006 22 21 16.75 0 59.75 
October 2006 17 16 9 0 42 
November 2006 17 18 18 0 53 
December 2006 10 10.5 20 0 40.5 
January 2007 19 25.5 20 0 64.5 
February 2007 19.5 18.5 10 9.5 57.5 
March 2007 21 20 0 21 62 
April 2007 18 21 0 21.75 60.75 
May 2007 22.5 22.75 0 23 68.25 
June 2007 21.25 20.75 0 14.75 56.75 
July 2007 20.75 21 0 19 60.75 
August 2007 9.25 9 0 0 18.25 
Totals 222.25 224 100.75 109 656 
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Table 3.2b:  Hours of data collection on the South Group. 
South group Adult male Adult 
female 
Young 
juvenile 
Old 
juvenile 
Totals 
August 2006 3 8 4.5 0 15.5 
September 2006 9.25 19.25 15.75 0 44.25 
October 2006 18 18.5 27 0 63.5 
November 2006 17.5 17.5 23 0 58 
December 2006 9.5 9 18 0 36.5 
January 2007 17.5 19 19 0 55.5 
February 2007 17.5 18.5 16 0 52 
March 2007 14 21 9 10 54 
April 2007 19 21.75 21.25 0 62 
May 2007 20.5 21 11 10.75 63.25 
June 2007 20.25 19 0 19.5 58.75 
July 2007 20 19.5 9.75 7.5 56.75 
August 2007 5 4.5 0 0 9.5 
Totals 191 216.5 174.25 47.75 629.5 
 
 
 
 
Table 3.3:  Age classification of mantled howlers (modified from Glander, 1980; Froehlich et 
al., 1981; Degusta and Milton, 1998).  Data were collected on young juveniles, old juveniles, 
adult females, and adult males. 
 
Age class Age Dentition Description 
Infant 0-6 months Only deciduous 
dentition erupted 
Derives majority of nutrition from 
nursing; generally carried by mother, 
either ventrally or dorsally 
Young 
juvenile 
6-12 months I1, I2, M1 erupted Beginning weaning; travels 
independently 
Old juvenile 12-24 months M2 erupted Weaned but lacking secondary 
sexual characteristics 
Subadult 24-36+ 
months 
P2, P3, P4 erupted Developing mantle and beginning to 
develop sexual characteristics 
Adult female 42-48 months C and M3 erupted Full body size, fully developed 
mantle  
Adult male 48-60 months C and M3 erupted Full body size, fully developed 
mantle and beard, descended testes 
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Table 3.4:  Activity classification 
Activity Description 
Rest A period of inactivity. 
Rest-
Nurse 
A period of inactivity; the juvenile rests ventrally on the mother and a 
nursing coo is given. 
Forage Searching for or manipulating food items. 
Feed Ingestion and mastication of a food item.  
Travel Moving within or between tree crowns. 
Play Localized explorative movement, which is neither goal directed nor food 
oriented. 
Social Interaction with one or more other conspecifics, scored as affiliative, 
agonistic., or unknown. 
Other An unclassified activity. 
Unknown An activity that cannot be determined. 
 
 
Table 3.5:  List of tree species monitored for phenological assessments 
Acacia collinsii 
Albizia adinocephala 
Bursera simarouba 
Cecropia peltata 
Chrysophyllum cainito 
Cordia alliadora 
Enterolobium cyclocarpum 
Ficus obtusifolia 
Gliricidia sepium 
Guazuma ulmifolia 
Leucaena leucocephala 
Lonchocarpus minimiflorus 
Luhea speciosa 
Mangifera indica 
Manilkara chicle 
Muntingia calabura 
Samanea saman 
Simarouba glauca 
Spondias mombin 
Terminalia oblonga 
Unknown trees 
Unknown vines 
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Table 3.6:  Rating of intergroup interactions 
Score Description 
1 Peaceful, groups together just intermingled 
2 Howling back and forth between groups 
3 Howling and chasing 
4 Intensive howling, chasing and fighting 
5 Intensive howling, chasing to the ground, fighting 
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CHAPTER 4:  ACTIVITY PATTERNS OF MANTLED HOWLER MONKEYS ON LA 
ISLA DE OMETEPE 
 
4.1  Introduction 
 The goal of this chapter is to test two of the major predictions of my overall hypothesis 
that mantled howlers mature rapidly in order to cope with the demands of a diet that presents 
digestive and masticatory challenges.  First, I present the howlers’ activity budget and compare 
the activity patterns of adults and juveniles. These data enable me to evaluate my first prediction:  
that juveniles are less efficient foragers than adults and therefore have distinct activity profiles.  I 
measure juvenile foraging success by:  1) comparing their overall foraging time with that of 
adults, and by 2) creating an index of foraging success (as measured by forage:feed ratio) that I 
compare across age classes.  Juvenile foraging success can be influenced by juveniles’ skill, 
experience, and ability, or by social factors, such as conspecific aggression and exclusion from 
feeding sites.  I determine how these additional variables influence juvenile foraging behaviors 
by examining patterns of spatial proximity (nearest neighbor distance and identity, number of 
animals in the tree crown, number of animals within 5 meters) during feeding bouts, whether or 
not focal animals and their nearest neighbors fed concurrently, and occurrences of conspecific 
aggression at food sites (both within groups and between groups).   
I also identify seasonal variations in behavior patterns.  If nutritional shortfalls occur 
during the dry season, I expect this to be reflected in modification of the howlers’ activity 
budgets (for example, reduced feeding and increased resting time during dry months).  
Conversely, if the dry season does not pose increased challenges to howlers, then their activity 
patterns should be uniform across the months of the study.  Presenting data on seasonal variation 
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in howler activity patterns enables me to evaluate the second prediction:  that young juveniles 
“fall back” to their mother’s milk during seasonal periods of food scarcity while adults consume 
increasingly tough resources.  In order to support this prediction, I expect to find that young 
juveniles either increase or maintain nursing throughout the dry season and that nursing ceases or 
decreases when the rains begin again.  In order to control for an overall reduction in feeding time 
that may result from general food scarcity, I also investigate young juveniles’ nursing time as a 
proportion of their total feeding time.  This procedure enables me to determine the relative 
importance of milk in the young juvenile diet throughout the months of the study and allows 
evaluation of the prediction that young juveniles “fall back” to their mother’s milk during the dry 
season.  Moreover, intensely investigating the weaning transition addresses the theoretical issue 
of whether howler life history traits are dissociable or tightly integrated along a fast-slow 
continuum.  Evidence that juveniles “fall back” to their mothers milk would strongly suggest that 
howlers’ life history trajectory is dissociable rather than uniform.  More specifically, this finding 
would indicate that although howlers’ overall growth and maturation may be rapid, individual 
aspects of their life history (such as weaning) do not necessarily follow a rapid trajectory and can 
therefore vary independently. 
 
4.2  Activity Budgets 
 From September 2006 through August 2007, the North Group rested 64.31% of the time, 
traveled 15.79%, fed 10.92%, foraged 1.73%, played 1.07%, and engaged in social activities 
0.97% (Table 4.1).  Within the 0.97% of the day that North Group howlers devoted to social 
activities, 39.73% of these interactions were affiliative, 30.69% were negative, and 29.57% were 
indeterminate (Table 4.2).  Similarly, the South Group rested 62.24% of the time, traveled 
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15.50%, fed 12.06%, foraged 2.49%, played 1.35%, and socially interacted with other group 
members 0.73% of the time (Table  4.1).  For the 0.73% of the day that the South Group spent 
engaged in social activity, 25.57% of these interactions were affiliative, 42.84% were agonistic, 
and 31.59% were indeterminate (Table 4.2).   
  In order to determine whether or not the North and South Groups annual behavioral 
profiles significantly differ, I report Bonferroni-corrected Mann-Whitney p-values.  The time 
devoted to resting (p<0.32), traveling (p<0.93), playing (p=1), and social activities (p<0.07) did 
not statistically differ between the groups (with all age and sex classes combined).  The South 
Group spent more time foraging than the North Group (p<0.02), and the slight elevation of the 
South Group’s feeding time approached significance (p<0.06).  Although these analyses 
demonstrate some minor differences in the activity patterns between the groups (i.e. foraging 
time), the overall pattern of behavior was similar for both groups.  Therefore, for the majority of 
the following analyses, North and South Group data have been combined (Table 4.1, Figure 4.1).  
 
4.3  Age and sex class comparison of activity patterns  
 In order to determine whether or not behavioral factors contributed to juvenile foraging 
efficiency, I compared the time that juveniles spent engaging in each activity (rest, travel, feed, 
forage, play, and social) with that of adults (Table 4.3; Figure 4.2).  For these analyses, both 
categories of juvenile (young juvenile and old juvenile) were pooled to enable testing across the 
entire year of research. Directly investigating the time devoted to each activity allows me to 
establish whether or not juveniles spent less time feeding and foraging than adults, in preference 
for other activities (i.e., resting or playing).  I also present results comparing the activity patterns 
of adults with just those of young juveniles (i.e., omitting old juveniles), in order to determine 
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whether or not the combined juvenile category may obscure age-class differences (ex: if older 
juveniles’ behaviors are more adult-like).  It is important to note, however, that the young 
juvenile data are biased towards the first half of the study, when more young juveniles were 
present in each group. 
 Daily resting time differed significantly according to age class (Kruskal-Wallis: H=32.39, 
p<0.0001).  Juveniles (combining young and old) spent less time resting than both adult females 
(Bonferroni corrected Mann-Whitney: p<0.0001) and adult males (corrected p<0.0001), but adult 
males and adult females did not differ from each other (corrected p<0.32).  When just 
considering young juveniles, the resting pattern remained the same, with young juveniles resting 
less than both adult females (Bonferroni corrected Mann-Whitney: p<0.0001) and adult males 
(corrected p<0.0001). 
 Daily travel time also differed significantly across age classes (Kruskal-Wallis: H=9.86, 
p<0.008).  Juveniles (combining young and old) spent more time traveling than adult females 
(Bonferroni corrected Mann-Whitney: p<0.007), but juvenile travel time differed from adult 
males’ only if uncorrected Bonferroni values are considered (uncorrected p<0.04, corrected 
p<0.12).  Again, adult males and adult females did not differ from each other (corrected p<0.90). 
When just considering young juveniles, the travel patterns were even more pronounced (Kruskal-
Wallis: H=16.45, p<0.003) with young juveniles traveling more than both adult females 
(Bonferroni corrected Mann-Whitney: p<0.0004) and adult males (corrected p<0.004). 
 For feeding time, overall age class differences failed to attain significance when using the 
combined juvenile (young and old) category (Kruskal-Wallis: H=5.69, p<0.06) or when omitting 
old juveniles from the analysis (Kruskal-Wallis: H=3.60, p<0.200).  Foraging time differed 
across age classes (Kruskal-Wallis: H=18.99, p<0.001).  Juvenile (combined young and old) 
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foraging time exceeded that of both adult females (corrected p<0.005) and adult males (corrected 
p<0.0001), but adult males and adult females did not differ from one another (corrected p=1).  
This pattern remained the same when comparing just young juveniles with adult males and 
females (Kruskal-Wallis: H=9.27). 
 Not surprisingly, playtime differed across age classes (Kruskal-Wallis: H 
corrected=89.06, p<0.0001), with all juveniles playing more than either adult females 
(Bonferroni corrected Mann-Whitney, p<0.0001) and adult males (p<0.0001).  The time devoted 
to social activities also differed across age classes (Kruskal-Wallis, H corrected=14.15, 
p<0.001).  Adult females socialized the most—more than both categories juveniles (Bonferroni 
corrected Mann-Whitney: p<0.001) and more than adult males if only uncorrected values are 
considered (uncorrected p<0.03, corrected p<0.07).  Specifically, adult females spent more time 
engaging in negative social behaviors than adult males (corrected p<0.002) and juveniles 
(corrected p<0.04).  When comparing just the young juveniles with the adult categories, the 
overall pattern was similar (H corrected=12.31, p<0.004); however the difference was 
predominantly between adult males and adult females (Bonferroni corrected Mann-Whitney: 
p<0.002), as young juveniles did not statistically differ from either adult category.  The time 
devoted to affiliative social behaviors did not differ between adult males and adult females 
(corrected p=1).  However, juveniles (combined age classes) devoted less time to affiliative 
social behaviors than adult males (corrected p<0.005) and adult females, if uncorrected 
Bonferroni values are considered for the latter (uncorrected p<0.02, corrected p<0.07).  When 
comparing just the young juveniles to adults of both sexes, no significant differences existed 
(Kruskal-Wallis: H corrected=4.67, p<0.14).  
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4.4  Monthly activity variation  
 I analyzed activity patterns (resting, traveling, feeding, foraging, and social behaviors) by 
month in order to determine whether or not seasonal variations existed in howler behaviors 
(Table 4.4).  I first present the results of the combined age classes (juveniles, adult males, adult 
females) across months of the study, and then I discuss seasonal variations of juvenile behavior 
in more detail.  Both categories of juvenile (young juvenile and old juvenile) have been pooled to 
enable testing across the entire year of research.  It is important to note, however, that young 
juvenile data were collected predominantly during the first half of the study, and old juvenile 
data were collected exclusively during the second half of the study.  Therefore, the results 
presented from August 2006 through January 2007 focus completely on young juveniles, 
whereas the months of February 2007 through August 2007 include old juvenile data.  I analyzed 
seasonal variations in playing, an activity in which adults rarely engaged, solely for juveniles.  
Finally, I discuss nursing for young juveniles only, as old juveniles are those that have already 
been weaned (see Chapter 3). 
 This section relies principally on uncorrected p-values, as the elevated Type 2 error 
introduced by applying the Bonferroni correction factor (Perneger, 1998) fails to detect many 
small differences in monthly behaviors that are consistent with field observations.  Where there 
are differences between corrected and uncorrected p-values, I provide the relevant details.   
4.4a:  Combined age classes 
Overall, the time that howlers devoted to resting differed significantly by month (Figure 
4.3, Table 4.4; Kruskal-Wallis: H=37.08, p<0.0002).  Increased resting periods occurred during 
the dry season.  With the Bonferroni correction factor, Mann-Whitney tests indicate that resting 
time in February was elevated compared to September, October, November, and June (p<0.05).  
! 92!
However, the uncorrected p-values for these tests indicate that resting time in February, March, 
and April was increased compared to September, October, November, and January (p<0.01), as 
well June and July (p<0.009).  Additionally, resting in March was increased compared to August 
(p<0.05), and February resting time was increased compared to both December (p<0.05) and 
August (p<0.03).  Regardless of whether or not the correction factor is applied to these tests, the 
results demonstrate that resting time was the highest during the driest months of the year 
(February and March).  Despite the trend of increased resting during the dry season, there was 
not a significant correlation between resting and rainfall (Spearman’s rank correlation: r
2
=0.44, 
p<0.18). 
Travel time differed significantly by month (Figure 4.4, Table 4.4; Kruskal-Wallis: 
H=54.65, p<0.0001).  Howlers traveled during the wet season months (both at the beginning and 
end of the study) more than the dry months in the middle of the study.  Specifically, howlers 
traveled very little in February, March, April, and May.  With the Bonferroni correction factor 
applied to post-hoc Mann-Whitney tests, travel time during these dry months was significantly 
reduced compared to October (p<0.05) and November (p<0.04). Uncorrected p-values also 
indicate that travel time during February through May was reduced compared to September 
(p<0.006), January (p<0.02) and August (p<0.03).  March travel time was significantly lower 
than September (corrected p<0.009), as well as May, June and July (uncorrected p<0.05) if the 
Bonferroni correction factor is eliminated.  Although results clearly show a pattern of reduced 
travel during the dry season, the correlation between rainfall and traveling time was non-
significant (Spearman’s rank correlation: r
2
=0.54, p<0.09).  There was, however, a significant 
negative correlation between traveling and resting time (Spearman’s rank correlation: r
2
<0.79, 
p<0.003). 
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Feeding time differed significantly across months (Figure 4.5, Table 4.4; Kruskal-Wallis: 
H=40.1, p<0.0001).  Two low points occurred in feeding time:  November and February.  
Although corrected p-values indicate that these two months differ significantly only from July 
(p<0.03), eliminating the correction factor supports the behavioral observations that feeding time 
was severely depressed during these months.  For example, November feeding was reduced 
compared to December, January, March, April, May, June, and July (uncorrected p<0.03), and 
February feeding time was similarly reduced compared to December, January, March, April, 
May June, and July (uncorrected p<0.04).  Rainfall and feeding time were not significantly 
correlated (Spearman’s rank correlation: r
2
=0.11, p<0.75); nor were feeding and resting time 
(r
2
=0.06, p<0.87) or feeding and travel time (r
2
=0.36, p<0.26). 
Foraging time differed significantly by month (Figure 4.6, Table 4.4; Kruskal-Wallis: 
H=20.82, p<0.04).  Despite the significant Kruskal-Wallis results, post-hoc tests indicate that no 
months differed from one another when the Bonferroni correction factor was applied.  
Elimination of this factor, however, shows that howlers slightly increased foraging time in 
February (compared to November, March, and April (uncorrected p<0.03) and July (also 
compared to November, March and April, uncorrected  p<0.04).  No significant correlations 
existed between foraging and rainfall (Spearman’s rank correlation: r
2
=0.18, p<0.61).  Foraging 
was not correlated with resting time (r
2
=0.14, p<0.67), traveling time (r
2
=0.03, p<0.91), or 
feeding time (r
2
=0.23, p<0.47). 
The howlers devoted only a very small proportion of their daily activity budget to social 
behaviors.  Overall, monthly differences in social behaviors were found to be non-significant 
(Figure 4.7; Kruskal-Wallis: H corrected=18.09, p<0.09).  When subdivided into agonistic 
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(Kruskal-Wallis: H corrected=20.51, p<0.08) and affiliative (Kruskal-Wallis: H corrected=14.63, 
p<0.41) social behaviors, no significant differences existed across months. 
In sum, the howlers increased rest and decreased travel time during the driest months of 
the year (February and March).  They reduced feeding time during both the height of the dry 
season (February) as well as just prior to the onset of the dry season (in November).  Coinciding 
with the reduction in feeding time that occurred in February, howlers increased the time they 
spent foraging, which suggests that they faced resource shortages.  Foraging time was similarly 
increased in July, but feeding time was also increased that month.  Therefore, rather than 
suggesting a reduced rate of return despite increased foraging effort, the July data may simply 
reflect the overall greater amount of time devoted to feeding and foraging that month.  Finally, 
the time devoted to social behaviors did not follow any specific seasonal pattern.  If howlers 
experienced food stress during the dry months, they did not respond by changing social 
behaviors. 
4.4b  Monthly activity variation in juvenile behaviors 
Because some of juveniles’ activity patterns differed significantly from adults, further 
investigation of juvenile behaviors is necessary in order to determine how juvenile behavior 
varies according to the months of the year and how such variation may impact the acquisition of 
foraging proficiency.  Bonferroni-corrected Mann-Whitney tests indicate that there were no 
significant differences between North and South juveniles in the time engaged in any behavior:  
resting (p<0.88), traveling (p<0.88), feeding (p<0.82), nursing (p<0.59), foraging (p<0.42), 
playing (p<0.98) or social (all categories) (p<0.31) activities.  Therefore, the juveniles of the two 
groups have been combined for the following analyses (Table 4.5).  Similar to the above 
analyses, the incorporation of the Bonferroni correction factor to the post-hoc Kruskal-Wallis 
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tests likely fails to detect some biologically significant values that may not be statistically 
significant.  I therefore provide the relevant details whenever corrected and uncorrected p-values 
differ. 
 The amount of time that juveniles spent resting (including bouts scored as Rest-Nurse, 
see Chapter 3) differed across months (Kruskal-Wallis: H=25.79, p<0.005). Behavioral 
observations indicate that resting times were particularly elevated during the dry months of 
February, March, and April (Figure 4.8, Table 4.5); however, Bonferroni-corrected post-hoc 
Mann-Whitney tests fail to detect any significant differences among months.  When the 
correction factor is eliminated, February resting periods exceeded any other month, with the 
exceptions of only March and April (Mann-Whitney: p<0.04).  March resting exceeded 
September and December (p<0.04), while April resting exceeded that of September, November, 
December, January, and July (p<0.045). 
 Travel time also differed according to month (Kruskal-Wallis: H=21.79, p<0.02).  
Juveniles spent the least time traveling during the dry months (see Figure 4.9, Table 4.5);  
however, this difference was significant only when considering uncorrected p-values.  Even 
when eliminating the Bonferroni correction factor, January, February, March and April only 
differed significantly from November (uncorrected p<0.02)  
 Juvenile feeding time differed across months (Kruskal-Wallis: H=25.51, p<0.005); 
however the Bonferroni corrected p-values of post hoc Mann-Whitney tests conflict with 
behavioral observations (Figure 4.10, Table 4.5) and fail to detect any significant monthly 
variation.  When considering uncorrected p-values, juvenile feeding data indicate that there were 
months in multiple seasons during which juvenile feeding time varied significantly.  These 
results are in accord with the data for the combined age/sex classes.  Specifically, juvenile 
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feeding peaked both in December and in the wetter months of May, June and July.  Feeding time 
during these months exceeded September and November (uncorrected p<0.04); June and July 
feeding also exceeded that of February (uncorrected p<0.03).  The least feeding occurred in 
November (reduced compared December, January, May, June, and July: uncorrected p<0.02) and 
February (reduced compared to December, January, June, and July: uncorrected p<0.04).   
 Juvenile foraging time varied monthly (Figure 4.11, Table 4.5, Kruskal-Wallis: H=21.5, 
p<0.02).  Increased time was devoted to foraging during the months of second wet season, but 
only when considering uncorrected Mann-Whitney p-values.  Foraging time in May, June, and 
July was increased compared to November and March; foraging time in May and July was 
greater than that of April (uncorrected p<0.05).  March and April foraging time was also reduced 
compared to December (uncorrected p=0.03). 
 Play time (combining both social and solitary categories) differed across the months for 
juveniles (Figure 4.12, Table 4.5; Kruskal-Wallis: 33.01, p<0.0003), yet again, month-to-month 
differences are significant only when eliminating the Bonferroni correction factor from post-hoc 
Mann-Whitney tests.  The time devoted to playing was higher at the beginning of the study 
(September through December) than the remainder (January through August).  Play time in 
September exceeded that of December (uncorrected p<0.04) and January through July 
(uncorrected p<0.02).  October, November, and December playing exceeded that of March 
through May and also July (uncorrected p<0.03).  These results show that play time declined 
throughout the study.  This trend is likely a result of two factors.  First, these data indicate that as 
juveniles aged during the course of the study, the time they spent playing was reduced.  
Secondly, as a result of infant and juvenile mortality (see Chapter 7), fewer juveniles were 
present during the second half of the study (and in particular, fewer young juveniles), which may 
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have contributed to a reduction in juvenile-juvenile interactions and an overall reduction in play 
time.   
The final activity, social behaviors, represented a very small part of juveniles’ daily 
activity.  No significant differences existed across months of the study (Figure 4.13, Table 4.5; 
Kruskal-Wallis: H corrected=8.518, p<0.66). 
 For young juveniles, I also analyzed monthly patterns of time spent nursing.  By 
definition, nursing time was recorded only for young juveniles (as old juveniles were those that 
were already weaned:  see Chapter 3).  When nursing was separated from regular resting bouts, 
the time that young juveniles spent nursing differed dramatically across months (Figure 4.14, 
Table 4.6: Kruskal-Wallis, H corrected=33.45, p<0.0005). The majority of young juveniles that 
were part of this study were 6-8 months old in September and approximately a year old (near the 
time of full weaning) by December and January.  Despite the highly significant Kruskal-Wallis 
results, post-hoc Mann-Whitney tests indicate monthly significant differences only if eliminating 
the Bonferroni correction factor.  Nursing time in September, November, and December was 
higher compared to the last 5 months of the study (March through July, Mann-Whitney, p<0.03).  
September and December differed from February as well (p<0.03).  These data indicate that after 
December, the time spent nursing dwindled through the remainder of the dry season and ceased 
for most juveniles by the time the rains began again.  It is important to note the peak in nursing 
time that occurred in December, when nursing accounted for over 10% of young juveniles’ daily 
activity budget (Figure 4.14, Table 4.6).  The December nursing maximum was actually an 
increase in daily nursing time compared to the previous months—thus indicating that as 
juveniles aged, they did not steadily decline the time that they spent nursing. 
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 The same general trend holds for nursing time when regarding nursing as a proportion of 
total feeding time (Figure 4.15, Table 4.6).  By combining nursing with feeding time and then 
separating out the proportion of time that young juveniles devoted to nursing, it is possible to 
determine the degree to which young juveniles relied on their mothers’ milk for energy and 
nutrients.  At the beginning of the study when young juveniles were under 12 months old, 
nursing time represented 40.65% of the total time that they engaged in feeding behavior—
demonstrating that young juveniles fed on solid foods around 60% of the total time that they 
spent feeding.  The proportion of nursing time dwindled (though less steeply than actual nursing 
time, see above) once the dry season began.  A sharp drop-off in the proportion of nursing time 
occurred between February and March, when nursing fell from 18.07% of total feeding time to 
just 1.48%.  At this time, most juveniles would have been 12-15 months old and approaching full 
weaning.  By the wetter months of June and July, juveniles were completely weaned—spending 
100% of their feeding time on independently-gathered solid foods.  As with nursing time, the 
shift in the nurse to feed ratio was not steady.  After an increase in the time spent eating solid 
foods from September to October, young juveniles again increased (or “fell back to”) the milk 
portion of their diet in November, as measured by the nurse to feed ratio.  This fallback to milk 
occurred during the transition between the wet and dry season, just as overall feeding time hit a 
low point for all age/sex classes. 
 
4.5  Index of foraging success 
 After presenting results on the howlers’ overall activity patterns—by age and sex class 
and by month—it is necessary to investigate juvenile foraging success in more detail.  These data 
provide an evaluation of the first prediction:  that juveniles are less efficient foragers than adults.  
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The ratio of time spent foraging to time spent feeding was used as one measure of foraging 
success.  A higher forage:feed ratio indicates that individuals spent more time foraging relative 
to the time that they spent feeding.  Conversely, a lower forage:feed ratio indicates that 
individuals spent less time foraging relative to the time they spent feeding.  The latter case 
indicates greater foraging efficiency.  Young and old juveniles have been analyzed separately, in 
order to determine whether or not foraging success increases throughout development.  It is 
important to note, however, that fewer data on old juveniles were collected (see Table 3.2):  the 
number of observation hours on young juveniles (275 hours) is approximately 1.75 times the 
amount available for old juveniles (156.75).  Moreover, the old juveniles included in the analyses 
had been young juveniles at the beginning of the study and therefore are represented in both age 
categories.  Results must be interpreted cautiously due to the non-independence of data points 
and unequal sample sizes.   
The annual average of North Group young juveniles’ forage:feed ratio was 0.2270, which 
did not differ significantly from that of the South Group young juveniles, 0.2803 (Table 4.7; 
p<0.56).  North Group old juveniles’ forage:feed ratio was 0.1863, which did/did not differ from 
that of the South Group old juveniles, 0.3060 (Table 4.7; p<0.47).  Adult females’ forage:feed 
ratio was 0.1269 in the North Group and 0.1751 in South Group; these figures did not 
significantly differ (Table 4.7; p<0.24).  In the North Group, the forage:feed ratio of adult males 
was 0.1334, which was not significantly different from the figure of 0.1526 for South Group 
males (Table 4.7; p<0.61).   
Because the North and South Groups’ forage:feed ratio did not differ, they have been 
combined for comparison across age/sex classes.  Results indicate that old juveniles did not 
differ from young juveniles or either class of adults (p=1); however, the small sample size of old 
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juveniles renders the detection of a significant difference difficult (Ott and Longnecker, 2001). 
.As for young juveniles, the forage:feed ratio was higher than adults, which indicates that 
compared to adults, young juveniles spent more time foraging relative to the time that they spent 
feeding (Figure 4.16; Kruskal Wallis H=11.41, p<0.004).  Bonferroni corrected post-hoc Mann-
Whitney tests show that young juveniles foraged less efficiently than both adult females and 
adult males (p<0.01) but that adult males and females did not differ from one another (p=1).  As 
demonstrated above, young juveniles also spent significantly more time foraging per day than 
did adults (Figure 4.17).  These combined measures of foraging efficiency (forage to feed ratio 
and daily foraging time) indicate that young juveniles were less successful foragers than adults.  
It is important to note, however, that while the foraging differences between young juveniles and 
adults are statistically significant, the actual differences in daily time spent foraging were quite 
small.  For example, young juveniles and old juveniles spent an average of 15 and 17 minutes 
per day (respectively) foraging, whereas adult females spent 10 minutes and adult males spent 8 
minutes foraging per day.  
 
4.6  Patterns of spatial proximity and nearest neighbor activity during feeding bouts 
 Comparing patterns of spatial proximity across age classes helps determine whether or 
not juveniles’ foraging inefficiencies may result from social factors, such as exclusion from 
certain feeding sites by adults.  In order to address this question, I examined spatial proximity 
(including the nearest neighbor identity, distance, and activity, the number of animals in the tree 
crown, and the number of animals within 5 meters) during feeding bouts for juveniles, adult 
females, and adult males.  Because young and old juvenile foraging success did not differ, these 
two categories have been combined for the analyses below.  
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Tables 4.8 and 4.9 indicate that both the North and South Groups display similar trends 
for the patterns of age- and sex-class spatial proximity during feeding bouts.  Because the North 
and South Groups show the same overall trends in terms of spatial proximity, the groups have 
been combined for the following analyses.  Juveniles spent 18.59% of their feeding time within 
1m of their nearest neighbor, and 39.53% of their time within 2 or 3 meters from their nearest 
neighbor, 11.05% within 4 to 5 m from their nearest neighbor, and 27.50% at a distance of 
greater than 5 m from the nearest conspecific.  Adult females spent the most time in close 
proximity (less than or equal to 1 meter) to another individual (44.12%).  This close proximity is 
likely a result of the presence of dependent infants and juveniles.  For 29.03% of adult females’ 
feeding time, they were 2 to 3 m from another individual, for 4.79%, they were 4 to 5 m away, 
and 18.70% of the time, adult females fed at a distance of greater than 5 m.  Males spent the least 
amount of time feeding within 1 meter from their nearest neighbor:  just 7.62% of the time.  
Males spent 30.73% of their feeding time 2 to 3 m from a conspecific, 12.54% at a distance of 4 
to 5 m, and 39.78% of the time farther than 5 m from their nearest neighbor.  In total, all age and 
sex classes spent around 30-40% of their feeding time within 2m-3m of another individual, and 
there was a slight trend for males to spend the most time feeding at distances of greater than 5 
meters from their nearest neighbor. 
Juveniles’ most frequent nearest neighbor was an adult female (63.57% of the time).  
This frequent proximity to adult females is not surprising, given that juveniles were still 
dependent on their mothers at this stage and that adult females were the most numerous category 
of group members.  From these data, it is not possible to determine how frequently the female 
nearest neighbor was the mothers or another female conspecific.  Juveniles fed next to another 
juvenile 6.69% of the time and next to infants 1.78% of the time.  As for adult females, infants 
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were the nearest neighbor 36.80% of the time, and juveniles were females’ nearest neighbor 
25.01%.  When males’ nearest neighbor could be determined, it was an adult female 48.29% of 
the time.  Juveniles were males’ nearest neighbor 10.07% of the time, and infants were the 
nearest neighbor just 0.19% of the time.  
Analysis of both the number of animals within 5 meters and the number of animals in the 
tree crown during a feeding bout indicates that the North and South groups display the same 
trends (Tables 4.10 and 4.11); therefore, groups have again been combined for the following 
discussion.  Juveniles fed as the only animal in a 5 m radius 21.25% of the time and the sole 
animal in the tree crown 35.17% of the time.  Adult females displayed roughly similar figures:  
the only animal within 5 m 18.37% of the time and the only animal in the tree crown 25.73% of 
the time.  Adult males spent the most time feeding solitarily:  they were the only animal in 5 m 
43.66% of the time and the only animal in the tree crown 50.04% of the time.   
All age and sex classes spent the majority their feeding time with 2 or fewer conspecifics 
in proximity (either within a 5 meter radius or in the same tree crown).  Feeding with 3 or 4 
conspecifics in proximity occurred from 13.68% to 18.35% of the time and with 5 or 6 
conspecifics, only 5.63% to 9.49% of the time.  Larger feeding parties were even more rare:  
feeding with 7 or more conspecifics in proximity occurred from 2.60% to 6.00% of the time.  
These results indicate that while there was a tendency for adult males to feed solitarily (as 
defined by being the only animal in a 5 meter radius and the only animal in the tree crown) more 
frequently than adult females or juveniles, the overall trend was for all age and sex classes of 
howlers to feed in relatively small parties of conspecifics. 
Nearest neighbor activities during focal animal feeding bouts, which provides an index of 
how social factors influenced feeding behavior, were remarkably similar between groups; 
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therefore, the North and South Groups have been combined (Table 4.12).  Results indicate that 
during juvenile feeding bouts, their nearest neighbor either fed or foraged concurrently 49.40% 
of the time.  These figures are comparable, though slightly higher than those of adults.  For 
example, while males were feeding, their nearest neighbor concurrently fed 39.43% of the time, 
and for females, this figure was 30.61%.   For all age and sex classes, when the focal animal and 
its nearest neighbor fed concurrently, the two fed on the same resource nearly 80% of the time.   
In sum, the spatial proximity data fail to provide evidence that juveniles were socially 
excluded by adults during feeding bouts.  In contrast, all age and sex classes of howlers generally 
fed with a small party of conspecifics (1 or 2 other individuals), and during most feeding bouts, 
the focal animal and its nearest neighbor fed on the same resource. 
 
4.7:  Conspecific aggression during feeding and foraging bouts 
 4.7a:  Within groups 
 I analyzed patterns of within-group negative social interactions that occurred during 
feeding and foraging bouts in order to determine whether or not juveniles suffered foraging 
deficiencies as a result of being socially excluded from food sites by conspecific group members.  
Results indicate that over the course of the study (from September 2006 through August 2007), 
136 agonistic social interactions were observed.  With a total of 137 days of observations (see 
Chapter 3), this figure roughly translates to one negative social interaction per day.  Of the 136 
negative social interactions, 43 (or 31.62%) occurred during feeding or foraging bouts.  Eleven 
(or 25.58%) occurred during juvenile feeding/foraging bouts.  Twenty-two (or 51.16%) occurred 
during adult female bouts, and 10 of the 43 (or 23.26%) negative social interactions occurred 
during adult male feeding/foraging bouts.  These results indicate that juveniles experienced 
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negative social interactions while feeding at nearly the same rate the same as adult males, but 
adult females engaged in negative social interactions during feeding bouts approximately twice 
as frequently.  These results accord with group composition figures:  whereas there were 
generally 4-5 juveniles and 4 adult males, at least twice that number of adult females (8-10) were 
present in each group.  
4.7b: Between groups   
 I recorded all instances of intergroup encounters (IGEs) in order to determine how 
between-group aggression may have influenced overall howler feeding and foraging patterns 
throughout the course of the year.  IGEs occurred on 85 of 137 (62.04%) observation days 
between September 2006 and August 2007.  Because some days involved multiple IGEs, the 
total number of IGEs observed was 95.  Seventy-one of these (74.74%) involved food (i.e., 
occurred at a feeding site and howlers fed within 30 minutes of the IGE).  Twenty-nine (30.53%) 
of the IGEs occurred between the North and South Groups, whose home ranges were 
overlapping and adjacent. 
 The majority of IGEs were relatively peaceful (see Chapter 3 for scale):  15.79% of IGEs 
were scored as 1’s and 48.42% were scored as 2’s.  Rank 3 was given to 18.95% and rank 4 was 
given 13.68% of the time.  Finally, just 3 IGEs (3.16%) were given the most severe rank of 5.  
These figures indicate that in total 35.79% of IGEs (ranks 3 through 5) involved actual chasing 
and/or physical contact among animals, whereas 64.21% were ranked either 1 or 2 and involved 
nothing more than howling (Table 4.13). 
 Both the frequency and intensity of IGEs varied throughout the months of the study.  The 
most intergroup encounters occurred during the dry season, particularly during the months of 
January, February, and April (Figure 4.18).  Intergroup encounters occurred on 69.23% of 
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observation days in January, 100% of observation days in February, and 91.67% of observation 
days in April.  Although there was a trend of increased IGEs during the dry months, this 
tendency was not uniform:  March intergroup encounters occurred on only 58.33% of 
observation days, which was reduced compared to February and April.  In addition to increased 
IGE frequency during the dry season, there was also a trend of increased IGE intensity during the 
driest months (Figure 4.19).  The average intensity of IGEs from January through April was 
nearly 2.67, which is slightly elevated compared to the preceding and following months, when 
average IGE ranking was 2.16 and 2.17, respectively.  This indicates a slight trend for the IGEs 
of the dry months to involve more aggression (in the form of chasing and fighting); however, this 
difference approached significance only when comparing the driest months (January, February, 
March, and April) to the following wet season (May, June, July, and August) (Mann-Whitney: 
p<0.05).  No statistical difference was observed when comparing the driest months with the 
preceding wet and transitional season (September, October, November and December) (Mann-
Whitney: p<0.06). 
 There was a slight and increasing trend for IGEs to involve food during the dry months.  
For instance, all IGEs in December and January involved concurrent feeding (feeding taking 
place during or within 30 minutes of interaction) (see Table 4.14; Figure 4.20).  During the 
December IGEs, howlers fed on Luehea speciosa buds and Terminalia oblonga stems.  The 
January IGEs involved feeding on a variety of foods: mature leaves of Crysophyllum cainito, 
Gliricidia sepium, Albizia adinocephala, Samanea saman and unknown vines; young leaves of 
Terminalia oblonga; unripe fruits of Muntingia calabura and Ficus obtusifolia; ripe fruits of 
Guazuma ulmifolia and Manilkara chicle. flowers of Gliricidia sepium; buds of Luehea speciosa 
and Ficus obtusifolia; and stems of Terminalia oblonga and Chimelcate vines.  February IGEs at 
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food sites (which accounted for 80% of February IGEs) involved fewer resources:  mature leaves 
of Samanea saman, unripe Ficus and Mangifera indica (mango) fruits, and ripe Manilkara chicle 
fruit.  March IGEs at food sites (100% of March IGEs) involved many of the same foods as the 
previous months, as well as some additional foods:  mature leaves of Albizia, Leucaena 
leucocephala, and Samanea; young leaves of Enterolobium cyclocarpum, Leucaena, Samanea 
and Terminalia; unripe fruits of Muntingia calabura, Mangifera, Ficus and Simarouba glauca; 
ripe fruit of Cecropia peltata; Cochlospermum vitifolium flowers, and Terminalia pods.  Finally, 
April IGEs at feeding sites (90.90% of April IGEs) involved:  mature leaves of Leucaena and 
Terminalia; young leaves of Leucaena, Spondias mombin, Enterolobium, Samanea, Hymenaea 
courbaril, and Acacia collinsii; unripe Mangifera fruits and vine fruits; ripe Cecropia fruits; 
flowers of Samanea and Bersara simarouba, and pods of Samanea.  The increased number of 
IGEs involving plant species used for young leaves in April reflects the increase in young leaf 
consumption that occurred during this month (see Chapter 5). 
 The IGEs that involved feeding tended to be slightly more aggressive than those that did 
not (Table 4.14; Figure 4.21); however, these differences were non-significant (Mann Whitney: 
corrected p<0.13).  Further analysis with Kolomogorov-Smirnov tests, however, indicate that the 
distributions of these two samples (IGEs involving food versus IGEs that did not) do differ 
(D=0.3377, p<0.02), lending some support to the suggestion of increased aggression at food 
sites. 
 A particular feeding site where aggression appeared to be frequently intensive was at the 
mango tree near the location of a dog attack (see Ch 7: Figure 7.2). Howlers fed at this site on 12 
of the 73 observation days during the fruiting period (approximately January through June, refer 
to Figure 7.4), and IGEs occurred on 6 (or 50%) of these days (Table 4.14).  The IGEs at this 
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mango tree had an average rank of 3.33, indicating that they typically involved at least howling 
and chasing between the groups.  These data suggest that mango fruit was an important resource 
for howlers during the dry season and that howlers may have been willing to take risks (given the 
frequency and intensity of IGEs at the site, as well as its proximity to humans and domestic 
dogs) in order acquire mangos.  Seasonal dietary shifts and food shortages are discussed in more 
detail in Chapter 5. 
 
4.8  Conclusions 
 This chapter has reviewed the activity patterns of the howlers at Ometepe.  When 
analyzed by age/sex class, results indicate significant differences across most of the howlers’ 
daily behaviors.  For example, juveniles rested less and traveled more than adults of either sex.  
Juveniles fed more than adult males (but did not differ from adult females), and they spent more 
time foraging than both adult males and adult females.   
Howlers’ activity patterns also varied by month.  Most notably, they increased resting 
and decreased traveling during the driest months.  They reduced time spent feeding in November 
(just prior to the onset of the dry season) and February (at the height of the dry season).  Howlers 
also spent less time foraging in February, thus suggesting that they devoted less overall time to 
food-related activities during this particularly dry month.   
When analyzed as a separate class, juveniles’ monthly activity patterns generally 
followed this trend.  Juveniles rested more and traveled less during the dry season.  They fed less 
in November and February, and they fed more in the wetter months of May, June, and July.  
Increased foraging was also seen in May, June, and July.  These data suggest that juveniles spent 
more time engaged in food-related activities during the wet season; however, it is also important 
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to note that this increased feeding and foraging effort occurred as juveniles continued to mature 
and fully transition to independent feeding.  As juveniles aged throughout the study, the time 
they devoted to both playing and nursing decreased.  Milk (as measured by time spent nursing) 
comprised approximately 40% of the diet as the study began (when most juveniles were under 12 
months old).  A sharp decline in the importance of milk in the juvenile diet occurred between 
February and March, when nursing declined from 18.07% to 1.97% of total feeding time.  
Juveniles maintained nursing at a low level throughout the dry months, but by the time the rains 
began again, juveniles (now over 15 months old) were weaned.  This extended mixed-feeding 
period of the weaning process (as opposed to an abrupt transition from milk to solid foods) and 
the continuation of nursing throughout the dry season indicate support for the initial prediction 
that the howler diet poses difficulties (i.e., nutritional shortfalls) for juveniles.  Moreover, milk 
was a particularly important resource when overall feeding rates were low in February—thus 
suggesting that milk may represent a fallback food for juveniles during periods of dietary stress.  
This fallback to milk also indicates that the weaning process does not necessarily involve a 
straightforward decline of milk consumption and therefore provides evidence that mantled 
howler life history parameters are dissociable. 
Juveniles foraged less successfully than adults, as evidenced both by an increased forage 
to feed ratio (meaning that juveniles spent more time foraging relative to feeding than adults did) 
and also by a relatively greater percentage of their daily activity budgets devoted to foraging.  
Analyzing patterns of within-group aggression and conspecific proximity indicate that juveniles’ 
reduced foraging efficiency does not appear to result from social factors.  Juveniles received no 
more aggression at food sites than adult males (who were represented in similar numbers) and 
they received less aggression than did adult females (who were approximately twice as 
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numerous).  In terms of spatial proximity, nearest neighbor distances were not markedly different 
for juveniles than adults.  All howlers spent the majority of their feeding time in small parties (4 
or less individuals in proximity) and within only 2-3m of their nearest neighbor.  Moreover, 
while juveniles fed, their nearest neighbor concurrently fed or foraged approximately half of the 
time—a figure which is comparable but even slightly higher than that of adults.  For all age and 
sex classes, when the nearest neighbor concurrently fed, it exploited the same resource as the 
focal animal nearly 80% of the time.  Therefore, these data indicate that juveniles’ foraging 
inadequacies do not result from conspecific group members’ aggression or social exclusion from 
feeding sites, but rather that juveniles lack the experience or skill to forage as successfully as 
adults.   
Investigation of intergroup encounters (IGEs) provide an additional analysis of how 
patterns of aggression may have influenced howler feeding and foraging behaviors.  The 
frequency of intergroup encounters suggest increased aggression during the dry months, possibly 
as a result of reduced food availability (see Chapter 5). The trend of increased IGE frequency 
and intensity during the dry months—combined with the data indicating significant shifts in 
howler activity patterns—suggests that the dry season was a difficult time for howlers to 
effectively feed and forage (see also Chapters 5, 6, and 7).  No instances of juvenile injuries or 
deaths were observed during these encounters; however, the prevalence of such interactions may 
indicate a general increase in stress, which could contribute to juvenile mortality.  Chapters 5, 6, 
and 7 further explore the issues of food availability, resource quality, and juvenile mortality 
patterns throughout the course of the study.  
In sum, the data presented in this chapter have supported the two predictions of the initial 
hypothesis (that young howlers mature rapidly in order to contend with an adult diet) that were 
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evaluated.  First, juveniles were predicted to be less efficient foragers than adults and to therefore 
have distinct activity profiles.  Results indicate that juvenile activity patterns indeed differ from 
those of adults, and juveniles are comparatively less successful foragers.  Analyses of social 
factors (such as within-group patterns of feeding aggression, nearest neighbor proximity, and 
nearest neighbor activity during feeding bouts) indicate that conspecifics do not socially exclude 
juveniles from feeding sites.  Therefore, juveniles’ foraging inefficiencies appear to relate more 
to dietary factors than to social factors.  The data from this chapter also provide initial support 
for the prediction that juveniles “fall back” to their mothers’ milk during the dry season.  
Evidence suggests that juveniles have a prolonged mixed-feeding period relative to the milk only 
period (rather than an abrupt transition from milk to solid food) and that milk is a particularly 
important resource during dry months when feeding time is reduced.  These data also indicate 
that howler life history parameters are dissociable and subject to separate selection pressures 
rather than following a single uniform trajectory.  Additional evidence is necessary to determine 
whether juveniles consume an adult-like diet from an early age (see Chapters 5 and 6) and how 
seasonal variation in diet and food toughness impact juvenile mortality rates (see Chapter 7). 
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FIGURES AND TABLES 
 
Figure 4.1:  Overall annual activity budget, both groups combined. 
 
 
 
 
 
Figure 4.2: Annual activity budget of juveniles, adult females, and adult males. 
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Figure 4.3:  Resting time across months of the study. 
 
 
 
 
Figure 4.4:  Traveling time across months of the study  
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Figure 4.5:  Feeding time across months of the study. 
 
 
 
 
 
Figure 4.6:  Foraging time across months of the study. 
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Figure 4.7:  Social time across months of the study. 
 
 
 
 
 
Figure 4.8:  Juvenile resting time across months of the study. 
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Figure 4.9:  Juvenile travel time across months of the study. 
 
 
 
Figure 4.10:  Juvenile feeding time across months of the study 
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Figure 4.11:  Juvenile foraging time across months of the study 
 
 
 
 
Figure 4.12: Juvenile playing time across months of the study 
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Figure 4.13:  Juvenile social time across months of the study. 
 
 
 
Figure 4.14:  Nursing time across months of the study. 
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Figure 4.15:  Nursing time as a proportion of total feeding time throughout the months of 
the study. 
 
 
 
Figure 4.16:  Foraging time relative to feeding time of young juveniles, old juveniles, adult 
females, and adult males. 
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Figure 4.17:  Foraging time of juveniles, adult females, and adult males. 
 
 
 
 
Figure 4.18:  Frequency of intergroup encounters, plotted against rainfall. 
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Figure 4.19:  Intensity of intergroup encounters, plotted against rainfall. 
 
 
 
 
Figure 4.20: Percentage of IGEs involving food, plotted against rainfall. 
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Figure 4.21:  Intensity of IGEs at food sites (blue) compared to intensity of IGEs that did 
not involve food (red). 
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Table 4.1: Annual activity budget of the North Group, South Group, and Combined.  
Numbers represent percentages. 
 
 North Group South Group Combined Groups 
Rest 64.31 62.24 63.27 
Travel 15.79 15.50 15.70 
Feed 10.92 12.06 11.47 
Forage 1.73 2.49 2.08 
Play 1.07 1.35 1.19 
Social 0.97 0.73 0.86 
 
 
Table 4.2:  Percentage of social behaviors devoted to each category.  Numbers represent 
percentages. 
 
 Affiliative Agonistic Undetermined 
North Group 39.73 30.69 29.57 
South Group 25.57 42.84 31.59 
 
 
Table 4.3:  Annual activity budget of juveniles, adult females, and adult males. Numbers 
represent percentages. 
 
 Juvenile Adult female Adult male 
Rest 57.05 67.59 68.80 
Travel 18.36 13.72 15.36 
Feed 12.70 11.96 10.17 
Forage 3.09 1.83 1.45 
Social 0.52 1.34 0.75 
Play 3.67 0.016 0.016 
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Table 4.4:  Monthly activity budget, with all age and sex classes combined.  Numbers 
represent percentages 
 
 Rest Travel Feed Forage Social 
September 60.65 19.43 9.92 2.89 1.64 
October 60.36 20.96 10.00 1.73 1.48 
November 58.92 23.14 7.53 1.29 1.30 
December 56.85 16.97 13.81 2.14 0.70 
January 61.01 16.63 13.43 2.17 0.62 
February 72.62 12.85 7.69 2.93 0.61 
March 73.41 9.37 11.20 1.06 0.57 
April 71.02 12.35 10.39 1.19 0.84 
May 66.87 13.35 13.48 2.31 0.41 
June 62.51 15.45 14.18 2.13 0.87 
July 60.63 14.82 16.47 3.76 0.68 
August 63.93 19.70 10.17 1.95 1.39 
 
 
 
Table 4.5:  Juveniles’ monthly activity budget. Numbers represent percentages 
 
 Rest Travel Feed Forage Play  Social 
September 48.29 20.85 8.03 4.78 15.73 1.76 
October 56.34 20.46 10.78 2.01 5.14 0.99 
November 48.23 29.66 7.37 1.63 7.06 0.57 
December 44.93 20.52 16.51 3.126 5.47 0.59 
January 53.62 18.09 16.01 2.66 2.77 0.54 
February 70.40 14.65 6.77 3.40 1.84 0.12 
March 72.05 11.15 11.51 0.74 0.42 0.11 
April 67.91 13.07 12.15 1.87 0.47 0.40 
May 58.44 16.08 17.15 3.69 1.14 0.22 
June 55.02 19.19 14.72 3.44 2.35 0.48 
July 50.07 18.06 18.14 7.66 0.37 0.28 
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Table 4.6:  The time each month that juveniles spent feeding and nursing, compared with 
the proportion of total feeding time that nursing represented each month. The figures are 
given in percentages. 
 
 Feed Nurse Nurse as proportion 
of total feeding time 
September 8.03 5.50 40.65 
October 10.78 4.39 28.95 
November 7.37 5.71 43.65 
December 16.51 10.59 28.56 
January 16.01 4.13 20.51 
February 6.77 1.49 18.07 
March 11.51 0.17 1.47 
April 12.15 0.31 2.50 
May 17.15 0.82 4.58 
June 14.72 0 0 
July 18.14 0 0 
 
 
Table 4.7:  Ratio of foraging time to feeding time for all age/sex classes. 
 
 North Group South Group Combined Groups 
Young Juvenile 0.2270 0.2803 0.2588 
Old Juvenile 0.1863 0.3059 0.2198 
Adult female 0.1269 0.1752 0.1524 
Adult male 0.1335 0.1526 0.1431 
 
 
Table 4.8:  Patterns of spatial proximity during feeding bouts.  Numbers represent 
percentages. 
 
 <1m 2m-3m 4m-5m >5m Unknown 
North Juveniles 17.15 37.16 9.58 32.93 3.16 
South Juveniles 20.11 42.03 12.61 21.77 3.48 
Combined Juveniles 18.59 39.53 11.05 27.50 3.32 
      
North Female 40.24 34.39 4.62 17.26 3.48 
South Female 47.54 24.30 4.94 19.98 3.24 
Combined Female 44.12 29.03 4.79 18.70 3.35 
      
North Male 6.27 28.96 14.35 36.15 14.27 
South Male 9.22 32.82 10.39 44.06 3.51 
Combined Male 7.62 30.73 12.54 39.78 9.32 
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Table 4.9:  Nearest neighbor identity during feeding bouts. Numbers represent 
percentages. 
 
  Identity of nearest neighbor: 
  Adult 
male 
Adult 
female 
Infant Juvenile Unknown 
North Juveniles 9.71 57.54 2.88 5.91 23.96 
South Juveniles 10.52 69.91 0.62 7.45 11.50 
Combined 
Juveniles 
10.11 63.57 1.78 6.66 17.89 
      
North Female 17.13 10.47 38.47 19.64 14.29 
South Female 9.48 6.22 35.31 29.75 19.23 
Combined 
Female 
13.07 8.22 36.80 25.01 16.91 
      
North Male 5.24 49.39 0.17 9.77 35.42 
South Male 3.21 47.20 0.20 10.36 39.03 
Focal 
animal 
Combined Male 4.22 48.29 0.19 10.07 37.24 
 
 
Table 4.10:  Number of additional conspecifics in the tree crown for the North and South 
Groups. Numbers represent percentages. 
 
 0 1-2 3-4 5-6 7+ Unknown 
North Juveniles 37.27 22.95 14.29 9.16 6.01 10.32 
South Juveniles 32.96 34.63 17.25 4.73 1.49 8.94 
Combined Juveniles 35.17 28.64 15.73 7.00 3.81 9.65 
       
North Female 26.40 42.78 14.63 8.01 4.36 3.83 
South Female 25.13 29.58 12.82 9.27 7.45 5.75 
Combined Female 25.73 41.08 13.68 8.68 6.00 4.85 
       
North Male 48.94 23.80 14.43 5.48 1.94 5.42 
South Male 51.13 17.16 13.81 5.78 3.49 8.65 
Combined Male 50.04 20.46 14.12 5.63 2.72 7.04 
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Table 4.11: Number of additional conspecifics within 5m during feeding bouts for the 
North and South Groups. Numbers represent percentages. 
 
 0 1-2 3-4 5-6 7+ Unknown 
North Juveniles 22.12 29.39 17.11 6.60 6.67 18.12 
South Juveniles 20.35 44.79 19.66 5.36 2.12 7.72 
Combined Juveniles 21.25 36.89 18.35 6.00 4.46 13.05 
       
North Female 17.37 42.44 17.97 10.28 5.91 6.03 
South Female 19.24 46.8 14.73 8.79 3.25 7.19 
Combined Female 18.37 44.76 16.25 9.49 4.50 6.64 
       
North Male 44.65 21.44 14.63 8.92 3.11 7.24 
South Male 51.13 17.16 13.81 5.78 3.49 8.65 
Combined Male 43.66 24.76 14.75 7.77 2.60 6.46 
 
 
Table 4.12:  The percentage of time that the nearest neighbor (NN) concurrently feeds or 
forages while the focal animal feeds or forages.  Of the time that the NN does concurrently 
feed or forage, it is noted whether or not NN feeds/forages on the same foods as the focal 
animal or on different foods. 
 
 NN concurrently 
feeds or forages 
NN feeds same NN feeds 
different 
North Juveniles 44.07 79.03 6.69 
South Juveniles 54.82 75.57 13.20 
Combined Juveniles 49.40 77.16 10.22 
    
North Female 29.55 83.27 5.10 
South Female 31.55 69.65 6.94 
Combined Female 30.61 75.82 6.11 
    
North Male 38.40 80.28 7.92 
South Male 40.46 77.50 9.05 
Combined Male 39.43 78.84 8.50 
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Table 4.13:  List of intergroup encounters 
 
Date Time of day Focal group Food type Rating 
9/1/06 Morning North None 4 
9/5/06 Morning North None 2 
9/8/06 Afternoon North None 2 
9/19/06 Morning North Spondias RFR 2 
9/21/06 Afternoon South None 3 
9/25/06 Morning South None 2 
9/27/06 All day North None 1 
Morning South None 1 10/3/06 
Afternoon South None 2 
10/7/06 Morning South None 2 
10/8/06 All day North Spondias RFR 4 
10/11/06 All day North Spondias RFR 2 
10/12/06 Morning North Spondias RFR 3 
10/17/06 Afternoon South None 2 
10/18/06 Afternoon South Cordia ML 2 
10/19/06 All day North Spondias RFR 2 
11/2/06 All day North Spondias RFR 1 
11/6/06 Morning South None 2 
11/8/06 Morning South None 2 
11/9/06 Morning South Gliricidia ML 4 
11/13/06 All day North Albizia ML, Spondias RFR 2 
11/17/06 Morning South Samanea ML 1 
12/11/06 Morning South** Terminalia stem 2 
12/13/06 Morning South Luehea speciosa buds 2 
Morning North Luehea speciosa buds, 
Crysophyllum ML, Leucaena ML, 
vine ML 
2 1/10/07 
Afternoon North Muntingia URFR, Chimelcate vine 
stem, Guazuma RFR 
3 
1/11/07 Afternoon North Terminalia stem, Guazuma RFR, 
Ficus URFR, Gliricidia FL Albizia 
ML 
3 
1/15/07 Afternoon South** Ficus URFR 2 
1/16/07 Morning South Samanea ML 2 
1/24/07 Morning North** Enterolobium ML, Samanea ML, 
Ficus bud 
2 
1/25/07 All day South** Terminalia YL, Guazuma RFR, 
Albizia ML 
2 
1/26/07 Morning South Samanea ML 2 
1/29/07 Morning North Gliricidia ML, Guazuma RFR 3 
1/30/07 Morning South Manilkara RFR 3 
2/1/07 Morning South Manilkara RFR 3 
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Table 4.13 cont’d 
2/2/07 Morning South Manilkara RFR 4 
2/06/07 Afternoon North None 2 
Morning North None 2 2/7/06 
Afternoon North** Ficus URFR 3 
Morning North Cordia ML 5 2/8/07 
Afternoon North** Ficus URFR 3 
2/9/07 Afternoon South Manilkara RFR 3 
2/12/07 Afternoon South Manilkara RFR 4 
2/13/07 Morning North** Mangifera URFR 3 
2/15/07 Afternoon North** Mangifera URFR, Cordia ML 1 
2/16/07 Afternoon North Samanea ML, Ficus URFR 3 
2/20/07 Afternoon South Samanea ML 1 
 Afternoon South Manilkara RFR 3 
2/21/07 Afternoon South None 1 
3/3/07 Morning North** Mango FL 4 
3/4/07 All day North** Muntingia URFR, Cecropia RFR, 
Cochlospermum FL, Albizia ML 
3 
3/12/07 Morning South Terminalia YL, pod 2 
3/13/07 Afternoon South Simarouba URFR 1 
3/14/07 Morning North** Mango URFR 4 
3/19/07 Morning North** Enterolobium YL, Mangifera 
URFR 
4 
3/20/07 All day South Ficus URFR, Samanea ML, 
Simarouba URFR 
2 
4/8/07 All day South** Leucaena ML and YL, Mangifera 
URFR 
2 
4/9/07 Morning South None 2 
4/13/07 Morning North** Leucaena ML and YL 1 
4/16/07 Morning North** Leucaena ML, Mango URFR 5 
4/17/07 Morning South Samanea YL, Cecropia RFR 1 
4/19/07 Morning South Samanea FL, vine URFR, Spondias 
YL 
4 
4/20/07 Morning South** Bersara FL, Mango URFR, 
Enterolobium YL 
2 
4/23/07 Morning South Samanea YL and pod, 
Enterolobium YL 
2 
4/24/07 Morning North Mango URFR, Terminalia ML and 
pod 
4 
4/25/07 Morning North Acacia YL, Spondias YL 3 
4/26/07 All day North Hymenaea YL, Spondias YL, 
Mangifera URFR 
4 
5/1/07 Morning North** Albizia FL and pet, Bersara FL, 
Mangifera URFR 
1 
5/2/07 All day North None 2 
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Table 4.13 cont’d 
5/16/07 Morning North** None 2 
5/18/07 Morning South Samanea YL 2 
5/21/07 Morning South** Muntingia URFR, Cecropia RFR 2 
5/22/07 Morning South Samanea YL 2 
6/6/07 Afternoon South Spondias YL, Cecropia RFR, 
Muntingia URFR, Piper ML 
2 
6/9/07 All day North** Manilkara bud and FL 1 
6/11/07 All day North** Muntingia URFR, Albizia ML, 
Cordia ML 
5 
6/13/07 Afternoon South** None 1 
6/14/07 All day South None 2 
6/22/07 Morning North** None 2 
6/27/07 Morning South None 2 
 Morning South Samanea ML 4 
 Afternoon South None 1 
7/06/07 Afternoon South Muntingia URFR 1 
7/10/07 Morning North** Muntingia URFR 2 
 Afternoon North** Muntingia URFR 2 
7/13/07 Afternoon North** None 4 
7/16/07 All day North** Leucaena YL and ML, 
Enterolobium ML, Cecropia RFR, 
Albizia ML 
2 
7/17/07 Afternoon North Spondias YL and Gliricidia ML 3 
7/20/07 Morning South None 3 
7/24/07 Morning South None 2 
7/26/07 Morning South Cecropia RFR, Gliricidia ML, 
Crysophyllum ML 
2 
8/1/07 Morning North** Enterolobium ML 3 
 Morning North** Crysophyllum ML 2 
8/6/07 Morning South Muntingia URFR, Enterolobium 
stem 
2 
 Afternoon South None 2 
ML= Mature leaf 
YL= Young leaf 
RFR= Ripe fruit 
URFR= Unripe fruit 
Pod= seed pod 
Stem= stem or petiole 
**= IGE that occurred between the two study groups (North and South) 
 
! 130!
Table 4.14:  Feeding bouts on Mango tree (at the site of the dog attack) when fruits were 
present with description of IGE if one occurred. 
 
Date  IGE (+ 
or -) 
IGE 
Rank 
Description of IGE 
Jan 19 - -  
Jan 24 - -  
Feb 8 - -  
Feb 15 + 1 Both groups present but no fighting 
Mar 3 + 4 Howling; corpse of adult howler found beneath 
Mango tree 
Mar 14 + 4 Howling, fighting, chasing; possible extra-group 
copulations 
Mar 19 + 4 Intensive howling; both males and females chasing 
Apr 8 + 2 Howling; dogs present in area 
Apr 12* - -  
Apr 16 + 5 Howling, chasing, fighting 
May 1 - -  
June 25 - -  
* Date of dog attack on adult female howler 
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CHAPTER 5:  DIETARY PATTERNS OF MANTLED HOWLER MONKEYS ON LA 
ISLA DE OMETEPE 
 
5.1  Introduction 
 The goal of this chapter is to identify the diets and feeding behaviors of mantled howler 
monkeys living on La Isla de Ometepe, Nicaragua.  This chapter evaluates my second prediction:  
that adult and juvenile dietary patterns differ—either with respect to the resources consumed or 
the manner in which these resources are processed.  I first present the overall howler diet and 
identify the similarities and differences of this dietary profile across groups and age/sex classes.  
I also investigate the plant parts consumed and whether the food was ingested (breeched by 
incisors and canines) or masticated (bitten with the premolars and molars).  Altogether, these 
data test the hypothesis that adult and juvenile feeding behaviors differ because juveniles face 
digestive and masticatory challenges in consuming an adult-like diet.   
I also examine patterns of food availability and the monthly dietary variation of the 
howlers at Ometepe.  These data enable me to determine if there are times of the year when 
howlers rely on low quality resources and whether or not juveniles are able to shift to these low 
quality foods in the same manner that adults do.  These data are necessary to evaluate my 
predictions that seasonal fluctuations in food availability and quality: 1) prompt juveniles to “fall 
back” to their mothers’ milk, and 2) despite continued nursing, juveniles’ nutritional shortfalls 
result in increased mortality when resources are low quality or scarce.  
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5.2  Overall dietary patterns 
 The North Group consumed 23.00% mature leaves, 20.08% young leaves, 4.68% 
unknown leaves (i.e., those that were unable to be classified as young or mature as a result of 
poor visibility conditions), 15.39% ripe fruits, 12.35% unripe fruits, 12.35% flowers, 6.08% 
stems, 2.74% buds, 2.28% pods, and 1.10% unknown (Table 5.1).  The South Group’s diet was 
largely similar, consisting of 28.96% mature leaves, 15.07% young leaves, 2.65% unknown 
leaves, 15.92% ripe fruits, 17.84% unripe fruits, 4.87% flowers, 7.38% stems, 3.10% buds, 
2.62% pods, and 1.59% unknown (Table 5.1).  Bonferroni corrected Mann-Whitney tests 
indicate that the North and South Groups did not differ in their consumption of young leaves 
(p<0.08), ripe fruits (p<0.89), stems (p<0.94), buds (p<0.08), or pods (p<0.80).  The South 
Group, however, consumed more mature leaves (p<0.04).  The South Group’s increased 
consumption of unripe fruits approached significance (p<0.06), as did the North Group’s 
increased consumption of flowers (p<0.06).  These results indicate that despite some minor 
between-group variations, both groups consumed largely similar diets in terms of gross food 
categories.  Overall, nearly half of the howler diet was comprised of leaves (mature, young, or 
unclassified) and approximately 30% consisted of fruits (ripe and unripe).  Flowers represented 
the next most important category (around 5 to 12% of feeding time), while stems, buds, and pods 
made up the remaining 10% (see Figure 5.1, Table 5.1).  
 
5.3  Age and sex class comparison of dietary patterns  
In order to determine whether or not the juvenile diet differed from that of adults, I 
compared gross dietary categories across age classes (see Table 5.2).  For these analyses, young 
and old juveniles are combined.  The first half of the study focused exclusively on young 
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juveniles (because no old juveniles were present), whereas the second half of the study focused 
on old juveniles (who had been young juveniles when the study began).  Separating the age 
classes might indicate differences that result from seasonal variations in food availability rather 
than age.  Therefore, I have chosen to combine the age classes even though this may obscure 
some ontogenetic differences in feeding behavior.   
Dietary patterns were similar between the North and South Groups, the groups have been 
combined for these age and sex class comparisons.  Results of Kruskal-Wallis tests indicate that 
no significant differences existed among adult females, adult males, and juveniles for any dietary 
category.  Time spent consuming mature leaves (H corrected=2.909, p<0.24), young leaves (H 
corrected=1.306, p<0.60), ripe fruits (H corrected=3.651, p<0.17), unripe fruits (H 
corrected=0.2912, p<0.87), flowers (H corrected=0.065, p<0.98), stems (H corrected=5.079, 
p<0.11), buds (H corrected=5.753, p<0.12) and pods (H corrected=1.536, p<0.68) did not differ 
across age or sex classes.  The similarity of adult and juvenile diets within each group fails to 
support the prediction that juveniles face digestive or masticatory challenges in consuming an 
adult-like diet and instead indicates that juveniles feed like adults from early in their ontogeny. 
 
5.4  Plant species consumed 
 Over the course of the year, the howlers in both the North and South Groups ate from 46 
trees, vines, and shrubs that were identified either to the species level, the family level, or by a 
local name (Tables 5.3 and 5.4).  Thirty of these foods were consumed by both groups, indicating 
an approximately 65% overlap (see Table 5.5).  Although there were no significant differences 
between the North and South Groups in their consumption of any gross dietary categories, the 
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groups have been considered separately below, in order to fully describe any between-group 
differences that may have existed in the plant species consumed. 
5.4a:  Comparing the North and South Groups 
The top food species of both groups was Cecropia peltata (Tables 5.6 and 5.7), a tree that 
the howlers used primarily for its ripe fruits.  Fifteen plant species comprised the majority 
(>75%) of the diet for the North Group (Table 5.6).  In descending order, the top foods of the 
North Group included Cecropia peltata, Spondias mombin, Acacia collinsii, Leucaena 
leucocephala, Gliricidia sepium, Mangifera indica, Guazuma ulmifolia, Albizia adinocephala, 
Bursera simarouba, Ficus obtusifolia, Muntingia calabura, Chrysophyllum cainito, 
Enterolobium cyclocarpum, Lonchocarpus minimiflorus, and Manilkara chicle.  For the South 
Group, twelve foods contributed to greater than 75% of the annual diet (Table 5.7).  These foods 
included (in descending order): Cecropia peltata, Gliricidia sepium, Muntingia calabura, 
Samanea saman, Chrysophyllum cainito, Leucaena leucocephala, Albizia adinocephala, Cordia 
alliadora, Ficus obtusifolia, Cissus verticillata, Enterolobium cyclocarpum, and Terminalia 
oblonga.  
While the majority of the top foods overlapped between groups, there were some 
differences in the proportions consumed (Tables 5.6 and 5.7).  First of all, the North Group 
concentrated more heavily on the fruits, flowers, and leaves of Spondias mombin (accounting for 
over 7% of the annual diet), while the South Group consumed this tree species more rarely 
(2.5%).  Acacia collinsii was the third most important food resource for the North Group (>7%), 
yet this food accounted for less than 2% of the South Group’s diet.  Unripe mangos were another 
important resource (approximately 6.5%) for the North Group that the South Group consumed 
less frequently (<2%).  Guazuma ulmifolia contributed to 5.2% of the North Group’s annual diet 
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whereas the South Group only fed on this resource 2.16% of the time.  The flowers of 
Lonchocarpus minimiflorus and Manilkara chicle were also included in the top foods of the 
North Group (approximately 3% each). The South Group was never observed to eat L. 
minimiflorus.  Although M. chicle did account for nearly 2% of the South Group’s diet, they 
primarily consumed the ripe fruits of this species, whereas the North Group was only observed to 
feed on the flowers. 
For the South Group, over 25% of the diet consisted of just two plant species:  Cecropia 
peltata and Gliricidia sepium.  The South Group’s reliance on G. sepium leaves and flowers 
(12.09% of the annual diet) was nearly twice that of the North Group’s (6.49%).  The majority of 
the South Group’s G. sepium feeding bouts (75.6%) took place on a single tree.  The unripe fruits 
of Muntingia calabura were the third most frequently consumed resource of the South Group, 
which ate this species more than three times as frequently (10.7%) as did the North Group 
(3.31%).  Samanea saman was the next most commonly consumed species (5.92% of the annual 
diet); the North Group also ate the mature/young leaves, flowers, and pods of S. saman but to a 
lesser extent (2.30%).  The leaves and unripe fruits of the Cissus verticillata vine accounted for 
3.77% of the South Group’s diet; however, the North Group was never observed consuming this 
resource.  Because some differences emerged in the plant species that each group consumed, I 
have considered each group separately (see below) when comparing age and sex classes. 
5.4b: Comparing age and sex classes within groups 
In the North Group, some age and sex class differences existed in the species consumed 
(Table 5.8).  The top resource for young juveniles was Acacia collinsii (8.89%); a figure similar 
to that of adult males (7.59%), but greater than that of adult females (4.49%).  Juveniles also 
spent more time feeding on Muntingia calabura unripe berries (5.25% of annual diet) than 
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females (1.19%), while males were intermediate (3.20%).  The leaves, petioles and unripe fruits 
of Ficus obtusifolia were more frequently consumed by both juveniles (4.19%) and males 
(5.59%) than females (0.71%).  Juveniles, and to a lesser extent, females, spent more time 
consuming the very hard, brittle, and dry ripe fruits of Guazuma ulmifolia (Janzen, 1982) 
(Juveniles: 6.53%, Adult females: 5.15%, Adult males: 3.47%).  For females, Bursera simarouba 
and  Spondias mombin both accounted for over 9% of the diet.  Males and juveniles less 
frequently consumed B. simarouba (approximately 2% of their diet) and somewhat less 
frequently consumed S. mombin (5.93% for juveniles and 6.74% for males).  Adult males spent 
the most time consuming the flowers of Manilkara chicle (9.34%) as compared with adult 
females (1.44%) and juveniles, who were never observed to consume this resource.  Another 
difference among the age classes was their consumption of Chrysophyllum cainito leaves and 
unripe fruits:  C. cainito accounted for 4.34% of the juvenile diet and 4.77% of the female diet, 
but only 0.19% of the male diet. 
For the South Group (Table 5.9), the unripe fruit (berries) of Muntingia calabura 
comprised the principal juvenile resource (13.38% of the annual diet) .  M. calabura was also an 
important resource for females (11.92%), but males spent less half that amount of time 
consuming this species (5.72%).  Juveniles spent more time eating Cordia alliadora (7.04%) 
than did either adult females (2.8%) or adult males (2.50%).  Juveniles also devoted more 
feeding time to unripe Cissus verticillata berries (4.89%) than did adult males (2.67%), with 
adult females being intermediate (3.54%).  Similar to the North Group, both juveniles and adult 
females spent more time feeding on Chrysophyllum cainito (juveniles:  6.99%, adult females: 
5.30%) than did adult males (2.58%).  Terminalia oblonga accounted for 4.20% and 3.05% of 
the juvenile and female diet, respectively, but male were not observed eating this resource.  
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Juveniles (3.54%) and males (3.07%) both spent more time feeding on Spondias mombin than 
did females (1.20%).  Unripe mangos comprised 2.89% of the adult female diet and 2.19% of the 
adult male diet, but only 0.71% of the juvenile diet.  Adult females spent slightly more time 
eating Acacia collinsii (2.82%) than either juveniles (1.82%) or adult males (0.88%).  Samanea 
saman was one of the most important resources for adult males (9.63%), but both juveniles and 
females spent less time feeding on this species (4.54% and 4.41%, respectively).  Males also 
spent more time consuming the ripe fruits of Manilkara chicle (3.09%) and unripe fruits of Ficus 
obtusifolia (7.02%) than juveniles (M. chicle: 0.86%, F. obtusifolia: 3.57%) and adult females 
(M. chicle: 1.44%, F. obtusifolia: 2.49%) 
5.4c:  Comparing age and sex class counterparts between the North and South Groups 
A few trends emerge when comparing the age and sex class counterparts in the two study 
groups (Tables 5.8 and 5.9).  First, Cecropia peltata was one of the most important resources for 
all howlers, including juveniles and adults, in both troops.  Other important foods differed 
between the North and South Groups.  For instance, Acacia collinsii, Mangifera indica, and 
Spondias mombin dominated the diet of North Group juveniles.  While South Group juveniles 
also consumed each of these species, Muntingia calabura, Gliricidia sepium and Cordia 
alliadora were the species on which South juveniles spent the most time feeding.  In addition, 
Cissus verticillata berries, a resource that North juveniles never ate, contributed to almost 5% of 
the South juveniles’ annual diet.  For adult females, again, G. sepium, M. calabura, and C. 
verticillata were much more commonly consumed foods in the South Group compared to the 
North Group, where females spent more time feeding on Bursera simarouba and Spondias 
mombin.  South Group males consumed the most Cecropia peltata of all, contributing to nearly 
20% of their annual diet.  Beyond C. peltata, the diet of South Group males contained more G. 
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sepium and Samanea saman than that of North Group males, who spent more of their feeding 
time on Manilkara chicle flowers, Acacia collinsii, and Spondias mombin.  
  
5.5  Seasonal dietary variation 
 5.5a:  Phenology 
 Data on plant phenology at Ometepe indicate seasonality in the availability of plant foods 
that comprised the howler diet (Figure 5.2).  First, overall food availability diminished during the 
driest months of the year (January, February, and March).  In particular, very few young leaves 
were available in January and February. On the other hand, young leaf availability peaked in 
April, just before the onset of the rainy season, and again in June, the month of the most rainfall 
(see Chapter 3).  Flowers were also maximally available during April and May, the transitional 
months between the dry and wet seasons.  Figure 5.2 demonstrates the overall paucity of fruit at 
this site but shows maximum fruit availability (both ripe and unripe) during the dry season 
months of January, February, and March.  Given the phenological differences across months, it is 
necessary to examine how the howler diet varied throughout the study.  Age and sex classes 
(juveniles, adult males, adult females) and groups (North and South) have been combined for the 
following monthly analyses because no significant differences were found in their overall 
feeding patterns, in terms of dietary categories (see above).  For comparative purposes, the 
monthly diets of the North and South Groups are shown in Tables 5.10 and 5.11. 
 5.5b:  Monthly dietary variation 
The howlers’ mature leaf consumption varied monthly (Kruskal-Wallis: H 
corrected=32.67, p<0.0006) (Table 5.12, Figure 5.3).  Howlers ate the most mature leaves during 
the dry months of December through February, and the least mature leaves at the end of the dry 
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season and early wet season (March through June).  Bonferroni corrected post-hoc Mann-
Whitney tests indicate significance only in the elevated mature leaf consumption of December 
and January as compared with May (p<0.04); however, in this case, the application of the 
correction factor likely fails to detect many of the significant differences that are in accord with 
behavioral observations.  Uncorrected Mann-Whitney tests demonstrate that the mature leaf 
portion of the howler diet was elevated in December and January as compared to March through 
June (p<0.03) and that February mature leaf consumption continued to exceed that of March 
through May (p<0.05).  The plant species on which howlers relied during the dry months of 
December, January and February included Samanea saman (21.32% of the mature leaf diet), 
Chrysophyllum cainito (17.66%), and Gliricidia sepium (16.25%). Uncorrected tests also reveal 
that another peak in mature leaf feeding occurred in July, when howlers ate more mature leaves 
than even in December and January (p<0.03).  The most frequently consumed mature leaves in 
July included those of Bursera simarouba (23.98% of the mature leaf diet) and G. sepium 
(30.23%).   
Time spent feeding on young leaves also varied by month (Kruskal-Wallis: H 
corrected=49.39, p<0.0001) (Table 5.12, Figure 5.4).  A peak of young leaf consumption 
occurred in April, when nearly half of the howler diet consisted of young leaves.  Howlers ate 
more young leaves in April compared to October through February and July (Bonferroni 
corrected Mann Whitney: p<0.045).  If uncorrected Mann-Whitney values are used, April young 
leaf consumption exceeded every other month of the study except May, June, and August 
(p<0.005).  The young leaf portion of the howler diet continued to be elevated in May and June 
as compared with December (Bonferroni corrected Mann-Whitney: p<0.03), and if the 
Bonferroni correction factor is eliminated, May and June also exceeded October, January, and 
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February (p<0.02).  This peak in young leaf feeding coincided with the maximal availability of 
young leaves (Figure 5.2).  During the months of April through June, the two species from which 
howlers consumed the most young leaves were Acacia collinsii (accounting for 14.85% of total 
young leaf feeding time) Spondias mombin (19.35%).   
Ripe fruit feeding varied by month (Kruskall-Wallis, H corrected=19.82, p<0.05); 
however, the Bonferroni adjusted post-hoc tests show no significant differences among any 
months of the study (Table 5.12, Figure 5.5).  If uncorrected Bonferroni Mann-Whitney tests are 
considered, these values indicate that howlers ate significantly less ripe fruit at the onset of the 
dry season in December, which differed from September, October, February, March, June, July, 
and August (p<0.03).  April ripe fruit consumption was also lower than September, July, and 
August (uncorrected Mann-Whitney, p<0.04).  During the first wet season, when howlers ate 
more ripe fruit than throughout the dry season (see Figure 5.5), howlers overwhelmingly relied 
on Cecropia peltata (40.14% of ripe fruit consumption) and Spondias mombin (56.62%).  A non-
signficant increase in ripe fruit consumption occurred in February, which coincided with 
maximal ripe fruit production at the site (Figure 5.2).  During this month, howlers predominantly 
ate the hard, spiny, ripe ripe fruits of Guazuma ulmifolia (56.04% of ripe fruit diet) and the more 
succulent ripe fruits of Manilkara chicle (33.52%).  It must be noted that the only the South 
Group howlers ate M. chicle fruits (from at least 3 trees) during the February ripe fruit peak; 
North Group howlers were never observed eating these fruits.  M. chicle at this site fruited 
synchronously and one M. chicle tree was present in the North Group’s home range.  In July and 
August, an additional period of increased ripe fruit consumption, the entire ripe fruit portion of 
the howlers’ diet consisted of just one resource:  Cecropia peltata. 
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Unripe fruit feeding varied across months as well (Kruskall-Wallis, H corrected=20.84, 
p<0.04) (Table 5.12, Figure 5.6).  Bonferroni-adjusted Mann-Whitney tests indicate only that 
February’s unripe fruit consumption was significantly greater than November’s (p<0.03).  
Eliminating this correction factor, however, shows that howlers also ate more unripe fruit in 
February as compared to January (p<0.005) and that November unripe fruit feeding was lower 
than September, October, and January through July (p<0.03).  Regardless of whether corrected 
or uncorrected p-values are considered, it is clear that a low point in unripe fruit consumption 
occurred in November, while a peak occurred in February.  During the February peak, howlers 
focused on Muntingia calabura (44.06% of unripe fruit feeding), Ficus obtusifolia (29.00%) and 
Mangifera indica (17.64%).  Both groups displayed similar trends of eating the most unripe 
fruits in February and the least in November; however, there were a few notable differences in 
the plant species that each consumed.  For example, North Group howlers relied principally on 
the unripe fruits of Ficus obtusifolia (58.44% of the North Group’s unripe fruit feeding time in 
February) and Mangifera indica (35.58%).  The South Group’s unripe fruit consumption in 
February consisted almost entirely of Muntingia calabura (87.38% of the South Group’s unripe 
fruit feeding time). 
The flower portion of the howlers’ diet differed dramatically across months (Kruskal-
Wallis: H corrected=61.53, p<0.0001) (Table 5.12, Figure 5.7).  Specifically, howlers’ 
consumption of flowers increased during the months of the dry season.  Bonferroni-corrected 
Mann-Whitney tests indicate that howlers spent significantly more time eating flowers in 
January, February, and March as compared with the wetter months of September, October, and 
July (p<0.04).  Uncorrected Mann-Whitney tests indicate the same trend.  Flower consumption in 
the drier months of December through May was elevated compared to the preceding wet months 
! 142!
September and October (uncorrected p<0.04), and the driest months (January through March) 
continued to be elevated compared to April, June, July, and August (p<0.03).  The species from 
which howlers most commonly consumed flowers during January, February, and March included 
Gliricidia sepium (42.32% of flower feeding time), Cordia alliadora (23.65%), and 
Lonchocarpus spp. (14.41%).  It is important to note a between-group distinction in flower 
consumption:  while flowers dominated the North Group’s diet in December (43.75% of total 
diet, Table 5.10), the South Group spent much less time eating flowers during this month (only 
1.65% of total feeding time, Table 5.11).  The flower portion of the North Group’s December 
diet consisted entirely of one tree species:  Lonchocarpus minimiflorus. 
Though constituting a relatively small proportion of the overall diet, consumption of 
stems (including tendrils and petioles) differed across months (Kruskal Wallis, H 
corrected=23.90, p<0.03) (Table 5.12, Figure 5.8).  This difference appears to result largely from 
the fact that no stems were consumed during September.  Bonferroni corrected Mann-Whitney 
tests indicate only that May stem consumption exceeded that of September (p<0.008), but 
uncorrected Mann-Whitney tests show that howlers spent more time eating stems from January 
through July in comparison to September (p<0.02).  Behavioral observations show that stem 
consumption was the highest in May and June (Table 5.12), when howlers predominately ate the 
stems of Cordia alliadora (27.00% of the stem diet) and the Chimelcate vine (23.85%).  
Bud consumption, a small part of the howler diet, also differed significantly across 
months (Kruskal Wallis:  H corrected=34.18, p<0.007) (Table 5.12, Figure 5.9).  Bonferroni 
corrected Mann-Whitney post-hoc tests fail to detect any significant differences among months; 
however, uncorrected results reveal a trend of increased bud consumption in January (compared 
to September through December [p<0.04]).  January bud consumption was dominated by Luehea 
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speciosa (73.49% of January’s bud diet) and Ficus obtusifolia (10.49%).  It is important to note 
that this peak in bud consumption during January is mainly a result of the South Group’s 
increase in bud feeding during this time:  buds comprised 11.75% of South Group’s feeding time 
(and includes all L. speciosa bouts), whereas the North Group ate only 4.12% buds in January 
(see Table 5.12). 
The consumption of pods failed to differ significantly across months (H corrected=41.26, 
p<0.06); however, the howlers ate pods only from November through April, with a non-
significant peak of 9.35% in December (Table 5.12, Figure 5.10).  For both the North and South 
Groups, December pod consumption consisted entirely of the green pods of Leucaena 
leucocephala. 
In sum, the howler diet on La Isla de Ometepe varied throughout the months of the year.  
At the beginning of the study, during the first wet season, howlers ate the ripe fruits of Cecropia 
peltata and Spondias mombin.  As the rains dwindled in the transitional months of November 
and December, howlers ate less fruit and began consuming green Leucaena leucocephala pods.  
Flowers also became an important component of the dry season diet, including the species 
Gliricidia sepium, Cordia alliadora, Lonchocarpus minimflorus, and Lonchocarpus spp.  The 
increase in flower consumption during this time is somewhat paradoxical, given that the 
phenology data show that maximal flower availability did not occur until April and May—just as 
time spent feeding on flowers decreased.  In the early dry season (December through February), 
howlers increased their consumption of mature leaves and focused principally Samanea saman, 
Chrysophyllum cainito, and Gliricidia sepium.  Buds, particularly those of Luehea speciosa were 
also an important dietary component in January.  A slight peak in fruit availability during the 
mid-dry season (February) coincided with howlers’ increased feeding time on the ripe fruits of 
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Guazuma ulmifolia and Manilkara chicle and unripe fruits of Muntingia calabura, Ficus 
obtusifolia, and Mangifera indica.  Just prior to the onset of the rains (April) and throughout the 
early wet season (May and June), young leaves became maximally available.  The young leaves 
of Acacia collinsii and Spondias mombin were major components of the howler diet during this 
time.  Howlers also ate the stems of Cordia alliadora and the Chimelcate vine throughout these 
early wet season months.  Towards the latter part of the second wet season, howlers again 
increased their feeding time on mature leaves (particularly those of Bersara simarouba and 
Gliricidia sepium), as well as the ripe fruit of Cecropia peltata. 
 
5.6  Leaf part consumed 
 Teaford et al. (2006) found that, for howler foods, leaf bases were generally tougher than 
leaf tips (a finding corraborated by the present study, see Chapter 6).  Teaford et al. (2006) 
suggest that tip-only leaf feeding may be a tactic that howlers use to avoid the toughest portions 
of the leaves in their diet.  I investigated tip-only feeding across age classes in order to determine 
if juveniles exhibited more of a preference for tender leaf tips than did adults.  Because the North 
and South Groups were largely similar in their dietary patterns and the majority of plant species 
consumed, these groups have been combined for the analyses below. 
 5.6a:  Mature leaves 
Visibility conditions allowed for the determination of leaf part consumed in 48.43% of 
juvenile mature leaf feeding bouts (N=12.67 hours of mature leaf feeding time).  During mature 
leaf feeding bouts, juveniles ate the tips-only 44.03% of the time and included the bases 4.40% 
of the time (Figure 5.11). Based on these data, mature leaf tip-feeding accounted for 11.25% of 
the annual juvenile feeding budget. The species that juveniles consumed in this manner included: 
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Albizia adinocephala, Carica papaya, Cassia grandis, Chocoyito, Chrysophyllum cainito, 
Cordia alliadora, Ficus obtusifolia, Gliricidia sepium, Guazuma ulmifolia, Muntingia calabura, 
Persea americana, Piper spp., Samanea saman, Spondias mombin.  The majority of these tip-
feeding bouts took place on two species: 36.93% of mature leaf tip-feeding took place on C. 
cainito and 33.76% took place on G. sepium.  Visibility enabled increased data collection for 
these 2 species (particularly for C. cainito):  87.52% of feeding time on C. cainito and 54.78% of 
G. sepium feeding time was able to be scored. 
Visibility conditions allowed for the determination of leaf part consumed in 41.20% of 
adult female mature leaf feeding bouts (N=13.57 hours of mature leaf feeding time).  During 
mature leaf feeding bouts, adult females ate the tips-only 35.23% of the time and included the 
bases 5.97% of the time (Figure 5.11). Based on these data, mature leaf tip-feeding accounted for 
9.30% of the annual adult female feeding budget. The plant species from which adult females ate 
the tips-only included: Albizia adinocephala, Bersara simarouba, Calycophyllum 
candidissimum, Chrysophyllum cainito, Cordia alliadora, Gliricidia sepium, Guazuma ulmifolia, 
Piper spp, Terminalia oblonga.  The majority of adult female mature leaf tip-feeding bouts took 
place on 3 species.  G. sepium accounted for 48.27% of mature leaf tip-feeding, C. cainito 
accounted for 26.00%, and B. simarouba represented another 16.91%.  52.86% of G. sepium, 
58.79% of C. cainito, and 45.32% of B. simarouba feeding time was able to be scored. 
Visibility conditions allowed for the determination of leaf part consumed in 31.25% of 
adult male mature leaf feeding bouts (N=12.03 hours of mature leaf feeding time).  During 
mature leaf feeding bouts, adult males ate the tips-only 23.50% of the time and included the 
bases 7.75% of the time (Figure 5.11). Based on these data, mature leaf tip-feeding accounted for 
6.77% of the annual adult male feeding budget.  The species on which adult males engaged in 
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tip-feeding included: Albizia adinocephala, Bersara simarouba, Chrysophyllum cainito, Cordia 
alliadora, Guazuma ulmifolia, Gliricidia sepium, Muntingia calabura, Persea americana, 
Samanea saman, Sapotillo, and unknown vines.  As with the juveniles and adult females, G. 
sepium represented a major component of tip-only feeding bouts (41.52%).  Adult males fed on 
the tips-only of C. cainito less than juveniles and adult females: (representing only 2.86% tip-
feeding bouts).  27.27% of C. cainito and 53.38% of G. sepium feeding time was able to be 
scored. 
These data indicate that G. sepium and C. cainito were the species from which howlers 
most commonly consumed the tips while avoiding the bases of mature leaves.  Of the total that 
time juveniles fed on G. sepium mature leaves, they ate the tips-only slightly over half the time 
(54.28% of total time spent feeding on G. sepium) (Figure 5.12).  Adult females displayed a 
similar percentage of tip-only feeding (52.21%) for G. sepium mature leaf bouts, as did adult 
males (46.37%).  Some differences emerge when considering tip-only feeding on Chrysophyllum 
cainito mature leaves.  Juveniles fed on the tips-only of these mature leaves 87.52% of  the time 
that they fed on this resource; adult females did so 58.79% of the time, and adult males did so 
21.43% of the time. 
The results of these analyses on mature leaf tip-feeding suggest a trend of juveniles’ 
general preference for leaf tips and in particular, their increased tip-only feeding behavior on 
Chrysophyllum cainito mature leaves.  However, it is important to regard these results with 
caution.  The observations of plant part consumed were imprecise, and it is possible that biases in 
data collection or variation in observational conditions among the age and sex classes may have 
skewed the results.  Nonetheless, because leaf tips are the least tough portion of the leaf (Teaford 
et al, 2006; also see Chapter 6), these results may indicate that when howlers select the tips-only 
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of mature leaves, they do so in order to avoid the tougher, basal regions of the leaf.  Chapter 6 
explores this hypothesis in greater detail. 
5.6b:  Young leaves 
Determining leaf part consumed for young leaves proved to be difficult.  For juveniles, 
leaf part could be scored only 20.08% of the time (N= 9.80 hours of young leaf feeding time).  
Juveniles fed on the tips-only 8.53% of the total time that they engaged in young leaf feeding 
bouts (Figure 5.11).  Although the species from which juveniles ate young leaf tips included 
Albizia adinocephala, Chrysophyllum cainito, Cordia alliadora, Ficus obtusifolia, Leucaena 
leucocephala, Samanea saman, Terminalia oblonga, and unknown vines, 38.22% of young leaf 
tip-only feeding time was on C. cainito, and this accounted for all C. cainito young leaf feeding 
bouts. 
Determination of leaf part for adult female feeding bouts on young leaves was similarly 
difficult.  Leaf part could be determined 20.67% of the time (N= 9.36 hours of young leaf 
feeding time).  Of the total time adult females ate young leaves, they ate the tips-only 4.67% of 
the time (Figure 5.11).  The species from which adult females ate young leaf tips-only included 
Chrysophyllum cainito, Ficus obtusifolia, Guazuma ulmifolia, Samanea saman, and Terminalia 
oblonga.  The majority of adult female young leaf tip-feeding involved three of these species: S. 
saman (31.64%), F. obtusifolia (28.27%), and C. cainito (26.05%).  Similar to juveniles, during 
all feeding bouts of C. cainito young leaves, adult females ate tips-only. 
For adult males, leaf part could be determined 17.01% of the time during young leaf 
feeding bouts (N=6.51 hours of young leaf feeding time).  Adult males fed on the tips-only of 
young leaves 6.49% of the time that they spent feeding on young leaves (Figure 5.11).  Adult 
males ate the tips-only of young leaves from the following species:  Bersara simarouba, Cordia 
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alliadora, Ficus obtusifolia, Palo negro, and Terminalia oblonga.  Approximately half (50.10%) 
of all time spent feeding on young leaf tips was on Ficus obtusifolia. 
One reason that leaf part was so infrequently determined in young leaves was because 
when howlers consumed the young leaves of bipinnate species (Acacia collinsii, Leucaena 
leucocephala, and Enterolobium cyclocarpum), the location of the bite point was very difficult to 
ascertain, and I conservatively marked the data point as indeterminate.  These 3 bipinnate species 
comprise 30.80% of cases marked unknown in juveniles, 44.15% in adult females, and 40.95% 
in adult males—therefore strongly influencing the high percentage of cases that leaf part 
consumed was indeterminate.   Although the results must be regarded cautiously, they suggest 
that tip-only feeding on young leaves occurred less frequently than tip-only feeding on mature 
leaves, for all age and sex classes (Figure 5.11).  This trend is in accord with Teaford et al.’s 
(2006) expectations regarding leaf toughness and feeding behavior.  Because young leaves are 
generally less tough than mature leaves (Coley, 1983), tip-only feeding (i.e., avoiding the bases) 
may be less important in young leaves as compared to mature leaves (see Chapter 6).  
 
5.7  Mode of consumption 
During approximately half (50.62%) of the time that juveniles (combining the North and 
South Groups) spent feeding (N=53.99 hours), visibility conditions permitted the mode of 
consumption to be determined.  Considering only the observations in which mode of 
consumption was observable, juveniles breeched 11.06% and masticated 88.94% of the time 
(Figure 5.13).  Leaves (including both mature and young) accounted for only 6.18% of breeching 
observations, but over half (56.05%) of all mastication observations (Figure 5.14). The times that 
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juveniles breeched were mainly on ripe and unripe fruits (72.88% of breeching observations: 
Figure 5.15). 
Similarly, adult females’ mode of consumption could be determined approximately half 
of the time (49.23% N=51.62 hours of feeding time).  When mode of consumption was 
observable, adult females breeched 14.65% and masticated 85.35% of the time (Figure 5.13).  
Females breeched leaves during 4.95% of breeching observations, but over two-thirds of all 
mastication observations (69.03%) were on leaves (either young or mature; Figure 5.14).  
Females used breeching mainly to ingest ripe and unripe fruits (55.74% of breeching 
observations; Figure 5.15), as well as flowers (26.67% of breeching observations).  
Adult males’ mode of consumption was observable 47.64% of the time (N=41.52 hours 
of feeding data).  Of these observations, adult males breeched 12.19% and masticated 87.81% of 
the time (Figure 5.13).  Overall, half of adult males’ breeching observations were on fruits  
(50.39%), a quarter were on flowers (25.23%), and only 7.92% were on leaves (Figures 5.14 and 
5.15).  Like juveniles and adult females, mastication was most frequently used to consume leaves 
(69.09% of mastication observations). 
These results demonstrate that for all age/sex classes, when mode of consumption was 
able to be determined, mastication was the most common, particularly for leaves.  Conversely, 
the howlers more frequently breeched fruits (both ripe and unripe).  Adults and juveniles alike 
displayed the same patterns of ingestion, indicating not only that adult and juvenile overall diets 
are similar but also that their manner of processing foods is the same throughout ontogeny.  
 
5.8  Conclusion 
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The results of this chapter indicate that nearly half of the overall annual howler diet was 
comprised of leaves and approximately 30% consisted of fruits.  Flowers were also an important 
resource (comprising 5% to 12% of feeding time), and a final category combining stems, buds, 
and pods, contributed to approximately 10% of the howler diet.  In terms of these gross dietary 
categories, no statistical differences exist between adult and juvenile diets; therefore, the 
prediction that adult and juvenile diets would differ was not met.  Investigation of the most 
frequently consumed plant species indicates that within each group, adults and juveniles largely 
consumed the same plant species. 
Dietary patterns varied substantially according to season.  At the onset of the dry season 
(November through January), howlers’ consumption of fruits dwindled while their consumption 
of flowers and mature leaves increased.  At the height of the dry season (in February), some 
fruits became available again and were an important part of the howler diet at this time.  Just 
prior to the beginning of the rains (in March and April), young leaves began flushing and became 
a major component of the howler diet.  During the wet season, howlers again increased their 
consumption of mature leaves as flowers and fruits diminished in availability. 
In terms of plant part consumed, there was a trend (although non-significant) for 
juveniles to consume the tips-only of mature leaves more frequently than adults.  Howlers of all 
age and sex classes relied on tip-only feeding for young leaves to a much lesser extent than they 
did for mature leaves.  These results indicate that toughness may be one factor in whether or not 
howlers consume an entire leaf.  Because juveniles had a tendency to more frequently prefer the 
tips-only of mature leaves, this may offer support for the prediction that juveniles preferentially 
select less tough plant parts.  This hypothesis is further explored in Chapter 6. 
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Finally, this chapter identified the mode of processing for different plant tissues and 
determined that howlers displayed a tendency to masticate leaves and breech fruits.  No 
differences in mode of processing were found across age or sex class, thus indicating that 
juveniles processed foods in the same manner as adults. 
The overall results of this chapter demonstrate that juveniles consumed an adult-like diet, 
in terms of gross food category as well as specific plant resource, from early in their ontogeny 
(e.g., several months postnatal).  Moreover, juveniles processed these foods in a manner largely 
similar to adults.  These results fail to support the initial prediction that adult and juvenile diets 
differ and instead indicate that juveniles are effectively “ecological adults” (Godfrey et al., 2003) 
even prior to being weaned.  The remaining chapters investigate resource toughness and juvenile 
mortality in order to determine whether or not juveniles face dietary shortfalls during this period.  
While adult and juvenile diets appear similar on a gross level, analyses of resource properties 
will reveal the degree to which (if any) differences exist in the toughness of resources consumed. 
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FIGURES AND TABLES 
 
Figure 5.1:  Annual diet of holwers at La Isla de Ometepe, Nicaragua 
 
 
ML= Mature leaves, YL= young leaves, Le,U= Unknown leaves, RFR= ripe fruit, URFR= 
unripe fruit, FL= flowers, Stem= stems, petioles, tendrils, Bud= bud, Pod= seed pod (both green 
and brown). 
 
 
Figure 5.2: Monthly availability of the major categories of howler foods.  
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Figure 5.3:  Monthly consumption of mature leaves. 
 
 
 
 
Figure 5.4: Monthly consumption of young leaves. 
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Figure 5.5: Monthly consumption of ripe fruits. 
 
 
 
Figure 5.6: Monthly consumption of unripe fruits. 
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Figure 5.7:  Monthly consumption of flowers. 
 
 
 
 
Figure 5.8:  Monthly consumption of stems (including tendrils and petioles). 
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Figure 5.9:  Monthly consumption of buds. 
 
 
 
Figure 5.10:  Monthly consumption of pods. 
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Figure 5.11: Comparison of time spent feeding on leaf tips of mature leaves and young 
leaves, for each age/sex class. 
 
 
 
 
Figure 5.12:  Within feeding bouts of Chyrsophyllum cainito and Gliricidia sepium mature 
leaves, the proportion of time that each age and sex class fed on the tips-only. 
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Figure 5.13:  Comparison of overall time spent masticating and time spent breeching for 
each age/sex class. 
 
 
 
Figure 5.14:  Comparison of time spent masticating and time spent breeching leaves (both 
young and mature) for each age/sex class in both groups. 
 
 
 
"A!
#"A!
$"A!
%"A!
&"A!
'"A!
("A!
)"A!
*"A!
H"A!
#""A!
=>2,F:3,! ?5>3.!K,S13,! ?5>3.!S13,!
@1-.:91.,!
T0,,9J!
"A!
#"A!
$"A!
%"A!
&"A!
'"A!
("A!
)"A!
*"A!
H"A!
#""A!
=>2,F:3,! ?5>3.!K,S13,! ?5>3.!S13,!
L,12,-!@1-.!
L,12,-!T0,,9J!
! 159!
Figure 5.15:  Comparison of time spent masticating and time spent breeching fruits (both 
unripe and ripe) for each age/sex. 
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Table 5.1:  Annual diet of North Group, South Group, and combined groups.  Figures 
represent percentages. 
 
 ML YL Le,U RFR URFR FL Stem Bud Pod U 
North 23.00 20.08 4.68 15.39 12.35 12.35 6.08 2.74 2.28 1.10 
South 28.96 15.07 2.65 15.92 17.84 4.87 7.38 3.10 2.62 1.59 
Combined 26.04 17.52 3.64 15.66 15.15 8.53 6.72 2.93 2.45 1.35 
 
ML= Mature leaves, YL= young leaves, Le,U= Unknown leaves, RFR= ripe fruit, URFR= 
unripe fruit, FL= flowers, Stem= stems, petioles, tendrils, Bud= bud, Pod= seed pod (both green 
and brown). 
 
 
Table 5.2:  Annual diet of adult males, adult females, and juveniles.  Figures represent 
percentages. Legend for plant part same as above.   
 
 ML YL Le,U RFR URFR FL Stem Bud Pod U 
North AM 25.58 16.54 5.75 12.04 14.42 13.62 3.11 5.43 2.63 0.90 
South AM 30.73 15.08 2.58 18.25 14.87 5.75 6.14 3.73 1.75 1.11 
Combined 
AM 
28.17 15.81 4.16 15.16 14.65 9.67 4.63 4.57 2.19 0.99 
           
North AF 27.38 22.76 2.95 17.60 8.41 11.28 5.35 2.87 0.60 0.80 
South AF 26.32 14.60 3.85 18.21 18.44 6.45 4.87 2.93 2.46 1.85 
Combined 
AF 
26.81 18.41 3.43 17.92 13.77 8.70 5.09 2.90 1.60 1.36 
           
North Juv 17.48 20.58 5.39 15.17 14.62 12.34 8.87 0.65 3.52 1.40 
South Juv 29.95 15.67 1.52 11.80 19.55 2.62 10.96 2.82 3.40 1.71 
Combined 
Juv 
23.73 18.07 3.43 13.43 17.12 7.56 9.93 1.73 3.46 1.54 
 
AM= Adult male, AF= Adult female, Juv= juvenile 
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Table 5.3:  List of tree species that howlers consumed on Ometepe.  Legend for plant part 
same as above. 
 
FAMILY SPECIES LOCAL NAME PART CONSUMED 
Mangifera indica Mango URFR, FL Anacardiaceae 
Spondias mombin Jocote jobo ML, YL, FL, URFR, 
RFR 
Cordia alliadora Laurel ML, FL, Stem Boraginaceae 
Cordia bicolor Muñeco RFR 
Burseraceae Bursera simarouba Jiñocuabo ML, FL 
Caricaceae Carica papaya Papaya ML, URFR 
Cecropiaceae Cecropia peltata Guarumo YL, URFR, Stem, Bud 
Cochlospermaceae Cochlospermum vitifolium  Poro poro FL 
Combretaceae Terminalia oblonga Guayabón ML, YL, FL, Stem, Pod 
Ebenaceae Diospyros salisifolia Chocoyito ML 
Acacia collinsii Cornizuelo YL, ML, FL, Pod 
Albizia adinocephala Gavilán YL, ML, FL, Pod 
Cassia grandis Carao ML 
Enterolobium cyclocarpum Guanacaste YL, ML, FL, Stem 
Gliricidia sepium Madero negro ML, FL 
Hymenaea courbaril Guapinol YL 
Leucaena leucocephala Leucaena, Educaimio YL, ML 
Lonchocarpus minimiflorus Chaperno negro FL 
Lonchocarpus spp. Chaperno blanco FL 
Fabaceae 
Samanea saman Genízaro ML, YL, FL, Pod 
Flacourtiaceae Casearia corymbosa Cerito YL 
Lauraceae Persea americana Aguacate ML 
Guarea glabra Tololo ML Meliaceae 
Cedrela odorata Cedro real ML 
Ficus obtusifolia Matapalo YL, URFR, Stem Moraceae 
Maclura tinctoria Mora YL 
Muntingiaceae Muntingia calabura Capulín ML, URFR 
Calycophyllum 
candidissimum Madroño ML, YL, URFR 
Rubiaceae 
Hamelia patens Pintamachete FL 
Chrysophyllum cainito Caimito ML, URFR Sapotaceae 
Manilkara chicle Níspero FL, Bud 
Simaroubaceae Simarouba glauca Acetuno URFR 
Sterculiaceae Guazuma ulmifolia Guácimo ML, RFR 
Tiliaceae  Luehea speciosa  
Guácimo colorado, 
Ugune Bud 
N/A N/A Chilamaton Bud, Stem 
N/A N/A Mamellilo URFR 
N/A N/A Palo negro YL 
N/A N/A Sapotillo ML 
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Table 5.4:  Vines and shrubs that howlers at Ometepe consumed Legend for plant part 
same as above. 
 
FAMILY SPECIES LOCAL NAME PART 
CONSUMED 
Bignoniacea   N/A N/A Bud 
Lygodiaceae 
(vine) 
Lygodium venustum 
N/A ML, stem 
Piperaceae 
(shrub) Piper spp. Anecillo ML 
Sapindacea 
(vine) N/A N/A URFR 
Vitaceae (vine) Cissus verticillata N/A ML, URFR 
N/A (vine) Callischlamys latifolia Peine de mico YL, Bud, Pod 
N/A (vine) N/A Chimelcate ML, YL, Stem 
 
 
Table 5.5:  Comparison of North and South Group foods.  Asterisks indicate non-
overlapping plant species. 
 
North Group South Group 
Acacia collinsii Acacia collinsii 
Albizia adinocephala Albizia adinocephala 
Bursera simarouba Bignoniacea (vine)* 
Callischlamys latifolia (vine) Bursera simarouba 
Calycophyllum candidissimum Callischlamys latifolia (vine) 
Carica papaya* Calycophyllum candidissimum 
Cassia grandis* Casearia corymbosa* 
Cecropia peltata Cecropia peltata 
Chimelcate (vine) Cedrela odorata* 
Chrysophyllum cainito Chilamaton* 
Cochlospermum vitifolium  Chimelcate (vine) 
Cordia alliadora Chrysophyllum cainito 
Cordia bicolor Cissus verticillata (vine)* 
Diospyros salisifolia* Cochlospermum vitifolium  
Enterolobium cyclocarpum Cordia alliadora 
Ficus obtusifolia Cordia bicolor 
Gliricidia sepium Enterolobium cyclocarpum 
Guazuma ulmifolia Ficus obtusifolia 
Hamelia patens* Gliricidia sepium 
Hymenaea courbaril Guarea glabra* 
Leucaena leucocephala Guazuma ulmifolia 
Lonchocarpus minimiflorus* Hymenaea courbaril 
Lonchocarpus spp. Leucaena leucocephala 
Luehea speciosa Lonchocarpus spp. 
Lygodium venustum (vine) Luehea speciosa 
Maclura tinctoria Maclura tinctoria 
Mangifera indica Mamellilo* 
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Table 5.5 cont’d 
Manilkara chicle Mangifera indica 
Muntingia calabura Manilkara chicle 
Palo negro Muntingia calabura 
Persea americana Palo negro 
Piper spp. Persea americana 
Samanea saman Piper spp. 
Sapotillo Rubiaceae* 
Simarouba glauca Samanea saman 
Spondias mombin Sapindacea (vine)* 
Terminalia oblonga Simarouba glauca 
Unknown trees Spondias mombin 
Unknown vines Terminalia oblonga 
Unknown trees 
 Unknown vines 
 
 
 
Table 5.6:  Annual diet of North Group. Asterisks indicate plant species that do not overlap 
with the South Group. 
 
North Group % of Diet 
Cecropia peltata 8.90 
Spondias mombin 7.24 
Acacia collinsii 7.05 
Leucaena leucocephala 6.82 
Gliricidia sepium 6.49 
Mangifera indica 5.74 
Guazuma ulmifolia 5.20 
Albizia adinocephala 4.87 
Bursera simarouba 4.56 
Ficus obtusifolia 3.43 
Muntingia calabura 3.31 
Chrysophyllum cainito 3.30 
Enterolobium cyclocarpum 3.30 
Lonchocarpus minimiflorus* 3.26 
Manilkara chicle 3.14 
Chimelcate (vine) 2.38 
Samanea saman 2.30 
Cordia alliadora 2.08 
Terminalia oblonga 1.96 
Cordia bicolor 0.60 
Cassia grandis* 0.58 
Maclura tinctoria 0.57 
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Table 5.6 cont’d 
Luehea speciosa 0.27 
Lonchocarpus spp. 0.25 
Piper spp. (shrub) 0.21 
Callischlamys latifolia (vine) 0.20 
Diospyros salisifolia* 0.18 
Sapotillo 0.16 
Carica papaya* 0.15 
Palo negro 0.13 
Persea americana 0.13 
Hymenaea courbaril 0.12 
Lygodium venustum (vine)* 0.07 
Calycophyllum candidissimum 0.07 
Cochlospermum vitifolium  0.04 
Simarouba glauca 0.03 
Unidentified trees 4.28 
Unidentified vines 6.60 
Total trees 90.78 
Total vines 9.23 
 
 
Table 5.7:  Annual diet of South Group. Asterisks indicate plant species that do not overlap 
with the North Group. 
 
South Group % of Diet 
Cecropia peltata 13.44 
Gliricidia sepium 12.09 
Muntingia calabura 10.70 
Samanea saman 5.92 
Chrysophyllum cainito 5.13 
Leucaena leucocephala 4.97 
Albizia adinocephala 4.75 
Cordia alliadora 4.21 
Ficus obtusifolia 4.14 
Cissus verticillata (vine)* 3.77 
Enterolobium cyclocarpum 3.63 
Terminalia oblonga 2.60 
Spondias mombin 2.55 
Guazuma ulmifolia 2.16 
Mangifera indica 1.93 
Acacia collinsii 1.92 
Manilkara chicle 1.70 
Luehea speciosa 1.34 
Lonchocarpus spp. 1.24 Chimelcate (vine) 1.03 
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Table 5.7 cont’d 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Simarouba glauca 0.90 
Maclura tinctoria 0.73 
Persea americana 0.58 
Rubiaceae* 0.35 
Piper spp. (shrub) 0.30 
Chilamaton* 0.27 
Calycophyllum candidissimum 0.27 
Bursera simarouba 0.27 
Callischlamys latifolia (vine) 0.27 
Sapindacea (vine)* 0.18 
Bignoniacea (vine)* 0.12 
Cordia bicolor 0.12 
Guarea glabra* 0.11 
Hymenaea courbaril 0.10 
Palo negro 0.08 
Cedrela odorata* 0.07 
Mamellilo 0.05 
Cochlospermum vitifolium  0.04 
Casearia corymbosa* 0.04 
Unidentified trees 1.67 
Unidentified vines 4.23 
Total trees 90.58 
Total vines 9.42 
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Table 5.8:  The species consumed by juveniles, adult females, and adult males of the North 
Group.  Asterisks indicate plant species that do not overlap with the South Group.'
 
Juvenile %  Diet Adult female %  Diet Adult male %  Diet 
Acacia collinsii 8.89 Cecropia peltata 10.82 Manilkara chicle 9.34 
Cecropia peltata 7.71 Bursera simarouba 9.28 Cecropia peltata 8.24 
Mangifera indica 6.88 Spondias mombin 9.15 Acacia collinsii 7.59 
Leucaena leucocephala 6.64 Leucaena leucocephala 7.54 Spondias mombin 6.74 
Guazuma ulmifolia 6.53 Gliricidia sepium 7.52 Leucaena leucocephala 6.20 
Gliricidia sepium 6.20 Mangifera indica 5.53 Gliricidia sepium 5.66 
Spondias mombin 5.93 Guazuma ulmifolia 5.15 Samanea saman 5.64 
Albizia adinocephala 5.86 Chrysophyllum cainito 4.77 Ficus obtusifolia 5.59 
Muntingia calabura 5.25 Acacia collinsii 4.49 Mangifera indica 4.46 
Lonchocarpus 
minimiflorus* 
4.85 Albizia adinocephala 4.48 Albizia adinocephala 4.01 
Chrysophyllum cainito 4.34 
Enterolobium 
cyclocarpum 
4.21 
Enterolobium 
cyclocarpum 
3.66 
Ficus obtusifolia 4.19 
Lonchocarpus 
minimiflorus* 
2.91 Guazuma ulmifolia 3.47 
Chimelcate (vine) 2.65 Chimelcate (vine) 2.20 Muntingia calabura 3.20 
Cordia alliadora 2.40 Terminalia oblonga 1.93 Cordia alliadora 2.71 
Enterolobium 
cyclocarpum 
2.23 Manilkara chicle 1.44 Bursera simarouba 2.39 
Bursera simarouba 2.07 Muntingia calabura 1.19 Chimelcate (vine) 2.24 
Terminalia oblonga 1.94 Cordia alliadora 1.17 Terminalia oblonga 2.03 
Samanea saman 1.01 Samanea saman 0.92 
Lonchocarpus 
minimiflorus* 
1.54 
Cordia bicolor 0.85 Cordia bicolor 0.73 Cassia grandis 1.21 
Cassia grandis 0.61 Ficus obtusifolia 0.71 Lonchocarpus spp. 0.87 
Maclura tinctoria 0.58 Luehea speciosa 0.65 Maclura tinctoria 0.63 
Diospyros salisifolia 0.46 Callischlamys latifolia 0.61 Sapotillo 0.57 
Palo negro 0.34 Maclura tinctoria 0.51 Persea americana 0.44 
Carica papaya 0.20 Piper spp. 0.31 Hymenaea courbaril 0.43 
Luehea speciosa 0.16 
Calycophyllum 
candidissimum 
0.07 Piper spp. 0.29 
Calycophyllum 
candidissimum 
0.13   Lygodium venustum 0.26 
Simarouba glauca 0.08 Unknown tree 3.81 Carica papaya 0.26 
Piper spp. 0.08 Unknown vine 7.90 Chrysophyllum cainito 0.19 
    
Cochlospermum 
vitifolium 
0.16 
Unknown trees 5.15   Cordia bicolor 0.12 
Unknown vine 5.79     
    Unknown tree 3.68 
    Unknown vine 6.16 
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Table 5.9:  The species consumed by juveniles, adult females, and adult males of the South 
Group.  Asterisks indicate plant species that do not overlap with the North Group. 
Juvenile %  Diet Adult female %  Diet Adult male %  Diet 
Muntingia calabura 13.38 Gliricidia sepium 15.00 Cecropia peltata 19.49 
Gliricidia sepium 10.71 Cecropia peltata 13.04 Gliricidia sepium 10.00 
Cecropia peltata 9.04 Muntingia calabura 11.92 Samanea saman 9.63 
Cordia alliadora 7.04 Leucaena leucocephala 6.00 Ficus obtusifolia 7.02 
Chrysophyllum cainito 6.99 Chrysophyllum cainito 5.30 Muntingia calabura 5.72 
Albizia adinocephala 5.32 
Enterolobium 
cyclocarpum 4.52 Leucaena leucocephala 4.62 
Cissus verticillata 
(vine)* 4.89 Albizia adinocephala 4.43 Albizia adinocephala 4.46 
Samanea saman 4.54 Samanea saman 4.41 Enterolobium cyclocarpum 4.07 
Terminalia oblonga 4.20 Guazuma ulmifolia 3.80 Manilkara chicle 3.09 
Leucaena leucocephala 4.16 
Cissus verticillata 
(vine)* 3.54 Spondias mombin 3.07 
Ficus obtusifolia 3.57 Terminalia oblonga 3.05 Cissus verticillata (vine)* 2.67 
Spondias mombin 3.55 Mangifera indica 2.89 Chrysophyllum cainito 2.58 
Enterolobium 
cyclocarpum 2.35 Acacia collinsii 2.82 Cordia alliadora 2.50 
Chimelcate (vine)  1.95 Cordia alliadora 2.81 Mangifera indica 2.19 
Guazuma ulmifolia 1.84 Ficus obtusifolia 2.49 Persea americana 1.61 
Acacia collinsii 1.82 Luehea speciosa 1.81 Lonchocarpus spp. 1.46 
Lonchocarpus spp. 1.77 Manilkara chicle  1.44 Chilamaton 0.98 
Simarouba glauca 1.45 Spondias mombin 1.20 Acacia collinsii 0.88 
Luehea speciosa 1.23 Rubiaceae 0.77 Luehea speciosa 0.86 
Maclura tinctoria 1.17 Maclura tinctoria 0.67 Simarouba glauca 0.83 
Manilkara chicle fruit 0.86 Lonchocarpus spp. 0.57 Bursera simarouba 0.78 
Mangifera indica 0.72 Chimelcate (vine) 0.57 
Calycophyllum 
candidissimum 0.49 
Persea americana 0.38 Piper spp. 0.57 Chimelcate (vine)  0.49 
Bignoniacea (vine)* 0.34 Callischlamys latifolia 0.54 Guazuma ulmifolia 0.39 
Guarea glabra* 0.31 Sapindacea (vine) 0.50 Palo negro 0.30 
Piper spp. 0.16 Simarouba glauca 0.42 Maclura tinctoria 0.26 
Mamellilo 0.15 
Calycophyllum 
candidissimum 0.36 Rubiaceae 0.25 
Casearia corymbosa* 0.12 Cordia bicolor 0.34 Callischlamys latifolia 0.23 
  Hymenaea courbaril 0.14 Cedro real 0.23 
Unknown tree 1.6 Bursera simarouba 0.14 Hymenaea courbaril 0.18 
Unknown vine 4.37 
Cochlospermum 
vitifolium  0.12 Piper spp. 0.12 
 
 
    
 
 
Unknown tree 0.95 Unknown trees 2.7 
 
 
Unknown vine 2.86 Unknown vines 5.8 
 
! 168!
 
Table 5.10:  North Group monthly diet.  Figures represent percentages.  Legend for plant 
part same as above. 
 
 ML YL LE, U RFr UFr FL Stem Bud Pod U 
Sept 15.41 22.95 3.08 29.79 24.66 0 0 2.05 0 2.05 
Oct 19.22 12.26 11.34 41.09 4.76 0.97 9.03 0 0 1.32 
Nov 22.73 25.79 20.77 16.01 2.00 0 5.36 0 4.50 2.83 
Dec 21.82 4.02 3.47 3.90 3.40 43.75 2.20 0 12.82 4.61 
Jan 43.85 6.23 1.49 12.77 6.22 17.49 2.66 4.12 4.86 0.30 
Feb 18.00 10.79 0.74 20.76 21.26 22.18 3.54 0.56 0.81 1.34 
Mar 9.40 22.69 5.64 13.65 15.12 19.88 6.73 5.06 1.27 0.56 
Apr 3.86 47.29 5.60 9.30 15.93 4.76 9.84 0 3.18 0.24 
May 14.30 27.44 0.37 3.26 22.85 15.52 13.60 0.90 0.78 0.98 
Jun 12.96 28.97 3.37 9.90 8.33 16.52 9.08 10.78 0 0.08 
Jul 46.87 11.91 1.31 20.00 13.41 0.06 3.74 1.79 0 0.90 
Aug 38.67 18.87 4.67 32.94 2.94 0 0.84 1.07 0 0 
 
Table 5.11:  South Group monthly diet.  Figures represent percentages.  Legend for plant 
part same as above. 
 
 ML YL LE, U RFr UFr FL Stem Bud Pod U 
Sept 50.89 13.52 3.56 16.01 15.66 0 0 0 0 0.36 
Oct 31.73 12.72 9.22 12.38 21.72 0 7.16 2.24 0 2.83 
Nov 39.86 5.42 11.11 11.28 4.46 8.12 11.29 0.36 4.92 3.19 
Dec 51.44 2.47 4.06 3.48 21.00 1.65 4.37 2 6.37 3.16 
Jan 34.23 8.17 1.12 16.71 7.08 12.92 4.87 11.75 0.19 2.96 
Feb 27.10 7.44 0.57 18.64 21.2 14.23 6.54 2.78 0 1.51 
Mar 16.74 13.98 0 15.34 12.76 16.47 6.82 4.08 13.00 0.82 
Apr 7.78 41.71 1.76 12.04 18.86 5.17 2.77 4.82 3.62 1.48 
May 20.20 17.48 0.3 27.32 16.69 1.53 9.62 4.05 1.28 1.53 
Jun 19.28 28.98 0.88 13.63 20.63 0.29 14.82 0.51 0 0.99 
Jul 41.25 3.09 1.39 19.38 26.13 0.21 5.99 2.03 0 0.53 
Aug 6.43 21.45 11.43 19.61 32.37 0 8.71 0 0 0 
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Table 5.12:  Monthly diet of the North and South Groups combined. Figures represent 
percentages.  Legend for plant part same as above. 
 
 ML YL LE, U RFr UFr FL Stem Bud Pod U 
Sept 32.81 18.32 3.32 23.04 20.24 0 0 1.05 0 1.22 
Oct 26.65 12.53 10.08 24.06 14.82 0.40 7.92 1.33 0 2.22 
Nov 29.82 14.67 19.04 13.63 3.10 4.34 7.97 0.18 4.42 2.83 
Dec 37.75 3.19 3.79 3.67 12.86 21.10 3.37 1.08 9.35 3.83 
Jan 40.17 6.97 1.35 14.28 6.55 15.74 3.51 7.04 3.07 1.32 
Feb 22.60 9.10 0.66 19.69 21.23 18.16 5.06 1.68 0.40 1.43 
Mar 13.72 17.56 2.32 14.64 13.73 17.87 6.78 4.48 8.18 0.72 
Apr 5.70 44.67 3.80 10.59 17.31 4.95 6.52 2.26 3.38 0.82 
May 17. 50 22.04 0.33 16.29 19.51 7.94 11.44 2.61 0 1.23 
Jun 16.42 28.98 2.00 11.95 15.07 7.62 12.22 5.14 0 0.58 
Jul 44.07 7.51 1.35 19.69 19.75 0.14 4.86 1.91 0 0.72 
Aug 25.48 19.93 7.43 27.49 14.97 0 4.06 0.64 0 0 
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CHAPTER 6:  TOUGHNESS OF PLANT FOODS CONSUMED BY MANTLED 
HOWLERS LIVING AT LA ISLA DE OMETEPE 
 
6.1  Introduction 
 The goal of this chapter is to describe the toughness of plant foods consumed by mantled 
howlers living at La Isla de Ometepe, Nicaragua.  This chapter first addresses the toughness 
range of the plant foods (including mature leaves, young leaves, flowers, pods, and stems) that 
howlers of all age and sex classes ate during the study period.  I then more closely examine 
leaves in order to assess how toughness differs: 1) between young and mature leaves, 2) among 
the parts of the leaf (i.e., tips versus bases), and 3) among the different leaf species consumed.  
This chapter also addresses the issue of seasonality by determining how the average toughness of 
the leaves contained in the howler diet might vary by season.  
My initial hypothesis included the prediction that juveniles would consume less tough 
resources than adults; however, Chapter 5 demonstrated that the dietary profiles of juveniles, 
adult females, and adult males were largely similar.  Even though no significant differences 
existed among juveniles, adult females, and adult males in the time spent consuming different 
foods, this chapter further examines whether or not average dietary toughness may have differed 
among the age classes.  I create dietary toughness scores for each age class by multiplying the 
time spent feeding (TSF) on tested resources by their average toughness.  In this manner, I 
determine whether even non-significant differences in feeding time may have consequences for 
average dietary toughness among categories of monkeys. 
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6.2  Range of toughness 
 During the study period, I conducted toughness tests (N=819) on 15 species of tree, vine, 
or shrub that howlers consumed (Table 6.1).  These species included Albizia adinocephala 
(N=214), Bursera simarouba (N=30), Cassia grandis (N=16), Chimelcate vine (N=15), 
Chrysophyllum cainito (N=21), Cordia alliadora (N=15), Enterolobium cyclocarpum (N=41), 
Ficus obtusifolia (N=32), Gliricidia sepium (N=121), Leucaena leucocephala (N=59), Maclura 
tinctoria (N=45), Piper spp (N=10), Samanea saman (N=103), Spondias mombin (N=70), and 
Terminalia oblonga (N=27).  Toughness tests focused mainly on leaves (89.99%), and also 
included stems of Chimelcate, E. cyclocarpum, and T. oblonga, the flowers of G. sepium, and the 
pods of L. leucocephala and T. oblonga.  Altogether, the tested plant parts of these 15 species 
accounted for 41.12% of the howlers’ annual feeding time. 
 Of the resources tested from October 2006 through July 2007, the toughness of foods that 
howlers ate (including mature leaves, young leaves, flowers, pods, and stems) ranged from 95.20 
J/m
2 
(lamina of Maclura tinctora young leaf [Cut 1]) to 6029.70 J/m
2 
(stems of Albizia 
adinocephala mature leaf).  The majority of foods tested (82.83%) had toughness values of 800 
J/m
2
 or less (see Figure 6.1).  The average toughness of all howler foods consumed was 570.44 
J/m
2
 (CV=1.16), and the median was 386.08 J/m
2 
(Table 6.2).  For reference, crisp raw carrots 
have a toughness of 210 to 266 J/m
2
, and crisp raw potato flesh has a similar value of 
approximately 200 J/m
2
 (Atkins and Vincent, 1984).  Hill and Lucas (1996) found that mean 
lamina toughness (excluding the midrib and all veins) for the leaves that Japanese macaques 
(Macaca fuscata yakui) consumed ranged from 75.2 to 535.5 J/m
2
 and that the macaques avoided 
all leaf parts exceeding 2300 J/m
2
.  In Wright’s (2004) more exhaustive study of 6 sympatric 
primates in Guyana, the toughness for all leaf parts consumed by these species ranged from 11.5 
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J/m
2
 to 10908.8 J/m
2 
(n=37).  Wright (2004) found that Alouatta seniculus, the red howler 
monkey, consumed foods that ranged from 13.8 J/m
2 
(fruit flesh) to 7902 J/m
2
 (seed coat).  
 
6.3  Range of leaf toughness 
 Of the leaves (both young and mature) that howlers consumed, the average leaf toughness 
(pooling Cuts 1, 5, 6, 7 and midleaf) was 476.61 J/m
2
 (CV=0.66 and median=379.80 J/m
2
).  
Values ranged from 95.20 J/m
2
 (Maclura tinctora, young leaf, Cut 1) to 2030.60 J/m
2
 (Ficus 
obtusifolia, young leaf, Cut 6) (Table 6.3).  These values are reduced compared to the toughness 
of leaves that A. seniculus consumed (Wright, 2004).  The leaves that comprised the diet of A. 
seniculus ranged from 341.1 J/m
2 
to 2219.2, with an average leaf toughness value of 1124.8 J/m
2
 
(Wright, 2004). 
 
6.4  Toughness differences among leaf parts 
  Specifically for leaves, toughness differences were apparent for the different parts of the 
leaf, including cuts 1, 5, and 6 (Table 6.4; Figure 6.2: ANOVA:  F=140.50, p<0.0001).  The 
average toughness of Cut 1 was 287.60 J/m
2 
(range=95.20 J/m
2
 for Maclura tinctoria young leaf 
to 672.20 J/m
2
 for Samanea saman mature leaf, CV=0.38), and the median was 284.20 J/m
2
.   
The average toughness of Cut 5 was 415.70 J/m
2
 (range 110.90 for Maclura tinctoria young leaf 
to 1140.40 J/m
2
 for Samanea saman mature leaf, CV=0.48), while the median measure was 
354.00 J/m
2
.  Cut 6 was the toughest: mean= 720.94 J/m
2
, median=639.40 J/m
2
, range= 113.90 
J/m
2 
for Spondias mombin young leaf to 2030.70 J/m
2
 for Ficus obtusifolia young leaf, CV=0.57.  
These results indicate that when howlers consumed the tips-only of leaves (see Chapter 5), they 
avoided the toughest portion of the resource. 
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6.5  Toughness differences between young and mature leaves 
Toughness differed between young and mature leaves (combining Cuts 1, 5, 6, 7, and 
midleaf measurements) (Figure 6.3, Table 6.5:  Student’s t-test, t=26.99, p<0.0001).  The 
average toughness for mature leaves was 529.76 J/m
2
 (CV=0.56; median=444.10 J/m
2
), while 
mature leaf toughness ranged from 114.90 J/m
2 
(Piper spp, Cut 1) to 1870.40 J/m
2 
(Samanea 
saman, Cut 6).  The average toughness of young leaves was 379.36 J/m
2
 (CV=0.88; 
median=287.50 J/m
2
).  Young leaves ranged in toughness from 95.20 J/m
2 
(Maclura tinctoria, 
Cut 1) to 2030.70 J/m
2 
(Ficus obtusifolia, Cut 6).  It should be noted that although the mean 
value for mature leaves exceeded that of young leaves, the toughest value in the sample came 
from a basal cut on a young F. obtusifolia leaf (no mature F. obtusifolia leaves were tested).  As 
mentioned in Chapter 5, F. obtusifolia young leaves were one of the resources from which 
howlers consumed the tips-only, while avoiding the tougher basal portions.  The leaf part 
consumed was able to be determined in approximately half of F. obtusifolia young leaf feeding 
bouts.  When the leaf part was scored, howlers ate the tips-only 69.1% of the time and the entire 
leaf 30.8% of the time.  If F. obtusifolia young leaf bases (i.e., Cut 6) are omitted from the 
analysis, the mean toughness of young leaves drops to 312.66 J/m
2
 (with a CV of 0.57 and 
median of 281.95).  The toughest young leaf then becomes Samanea saman (Cut 6), with a value 
of 1387.10 J/m
2
.  It is also noteworthy that in all cases, the mean toughness is higher than the 
median—a result of the few extremely tough values, which inflate the mean.  
 Further analysis of Cuts 1, 5, and 6 reveals toughness differences between young and 
mature leaves for each of these cuts (Figure 6.5; Table 6.6).  For Cut 1, mature leaves were 
tougher than young leaves (Student’s t-test, t=5.10, p<0.0001).  The average Cut 1 toughness for 
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mature leaves was 312.26 J/m
2
 (range=114.90 J/m
2 
for Piper spp to 672.20 J/m
2 
for Samanea 
saman, CV=0.35, median=321.30 J/m
2
), while the average Cut 1 toughness for young leaves was 
227.16 J/m
2 
(range= 95.20 J/m
2 
for Maclura tinctoria to 433.40 J/m
2 
for Samanea saman, 
CV=0.36, median=224.80 J/m
2
). 
Similarly, the Cut 5 toughness values for mature leaves exceeded those of young leaves 
(Student’s t-test, t=7.38; p<0.0001).  The average Cut 5 toughness for mature leaves was 484.21 
J/m
2
, with a range from 171.50 J/m
2 
for Glricidia sepium to 1140.40 J/m
2 
for Samanea saman 
(CV=0.42, median=460.30 J/m
2
).  The corresponding values for young leaves was 317.04 J/m
2 
(range= 110.90 J/m
2 
for Maclura tinctoria to 952.00 J/m
2 
for Samanea saman, CV=0.45, 
median=287.95 J/m
2
).  
Cut 6 toughness was also greater in mature leaves as compared to young leaves 
(Student’s t-test, t=12.57, p<0.0001). For mature leaves, the average toughness value was 824.83 
J/m
2
, with a range from 278.70 J/m
2
 for Glricidia sepium to 1870.40 J/m
2
 for Samanea saman 
(CV=0.38).  The median value for Cut 6 on mature leaves was 821.93 J/m
2
. The average 
toughness of Cut 6 for young leaves was 551.52 J/m
2 
(CV=0.86, median =341.38 J/m
2
).  Values 
ranged from 113.90 J/m
2
 for Spondias mombin to 2030.70 J/m
2
 for Ficus obtusifolia young 
leaves.  If Cut 6 for F. obtusifolia is again omitted, the average toughness for Cut 6 in young 
leaves drops to 394.97 J/m
2
 (CV=0.59, median=324.00), and the toughest Cut 6 value for young 
leaves becomes Samanea saman, at 1387.10 J/m
2
. 
 
6.6  Within-species differences for young and mature leaf toughness 
For five species (Albizia adinocephala, Bursera simarouba, Maclura tinctoria, Samanea 
saman, and Spondias mombin) toughness tests were conducted on both young and mature leaves 
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(Table 6.7).  Significant toughness differences existed for each of these species when comparing 
the pooled toughness measures (Cuts 1, 5, and 6) for young and mature leaves (Figure 6.5).   
The average toughness of A. adinocephala mature leaves was 544.01 J/m
2
 (range= 
122.60 J/m
2 
to 1314.95 J/m
2
, CV=0.49, median=472.60 J/m
2
).  A. adinocephala young leaf 
average toughness was 262.59 J/m
2 
(range= 115.55 J/m
2
 to 449.15 J/m
2
, CV= 0.26, 
median=256.90 J/m
2
), which was significantly less (Student’s t-test, t=9.46, p<0.0001) than the 
mature leaves of the same species.  B. simarouba mature leaves were significantly tougher 
(Student’s t-test, t=2.91, p<0.007.  Average=528.87 J/m
2
, range= 206.30 J/m
2
 to 1108.20 J/m
2
, 
CV= 0.64, median=374.30 J/m
2
) than B. simarouba young leaves (average= 277.47 J/m
2
, 
range=103.25 J/m
2
 to 430.90 J/m
2
, CV=0.35, median=299.65 J/m
2
),  
Young and mature leaves of M. tinctoria also differed significantly (Student’s t test, 
t=3.54, p<0.001).  Mature leaves averaged 521.16 J/m
2
 (range= 167.60 J/m
2
 to 1125.90 J/m
2
, 
CV=0.58, median=433.90 J/m
2
), while young leaves averaged 268.21 J/m
2
 (range= 61.55 J/m
2
 to 
816.40 J/m
2
, CV=0.64, median=213.00 J/m
2
).  It should be noted that the mature leaves of M. 
tinctoria were tested solely for comparative purposes, as the howlers were never observed to 
consume mature leaves of this species.  In addition, the most fragile young leaf measurement 
(61.55 J/m
2
) also resulted from a day when the howlers did not eat M. tinctoria, but samples 
were collected for comparison with mature leaves.  None of the samples taken from days when 
howlers did not eat M. tinctoria have been used in any analyses of actual dietary toughness.   
S. saman mature and young leaves were also found to differ significantly (Student’s t-
test, t= 5.12, p<0.0001).  The average toughness of S. saman mature leaves was 793.77 J/m
2
 
(range=310.60 J/m
2 
to 1870.40 J/m
2
, CV=0.45, median=671.40 J/m
2
), while young leaves 
averaged 511.28 J/m
2
 (range= 198.60 J/m
2
 to 1387.10 J/m
2
, CV=0.56, median=393.3 J/m
2
). 
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Finally, S. mombin exhibited toughness differences between young and mature leaves 
(Student’s t-test, t=7.86, p<0.0001).  The average toughness value for S. mombin mature leaves 
was 667.18 J/m
2
 (range=257.25 J/m
2 
to 1361.30 J/m
2
, CV=0.49, median=602.80 J/m
2
).  Young 
leaves of S. mombin were less tough, averaging 276.79 J/m
2
 (range= 100.30 J/m
2
 to 613.50 J/m
2
, 
CV=0.30, median=285.15 J/m
2
).  It should be noted that howlers were rarely observed to 
consume S. mombin mature leaves.  The mature leaves that were tested as part of this sample 
were not eaten by the howlers (having been collected solely for comparative purposes) and have 
been omitted from analyses of the actual howler diet.  
 
6.7  Among-species differences in mature leaf toughness  
Six species from which howlers commonly consumed mature leaves (see Chapter 5) 
were compared in order to ascertain whether or not there were between-species differences in 
mature leaf toughness (Table 6.8).  These species included: Albizia adinocephala, Bursera 
simarouba, Chrysophyllum cainito, Enterolobium cyclocarpum, Gliricidia sepium, and Samanea 
saman.  Pooling values from Cuts 1, 5 and 6, significant differences existed among these species 
(ANOVA: F=24.58, df=5, p<0.0001).  G. sepium was the least tough (average toughness=349.23 
J/m
2
), and Tukey’s post-hoc test indicates that this species differed significantly from A. 
adinocephala (average toughness=544.01 J/m
2
: p<0.003), B. simarouba (average 
toughness=528.87 J/m
2
, p<0.04), C. cainito (average toughness=577.66 J/m
2
: p<0.0003) and S. 
saman (average toughness 793.76 J/m
2
: p<0.0001).  The toughest leaves in this sample were S. 
saman, which differed from A. adinocephala (Tukey post-hoc test, p<0.009), B. simarouba, 
(p<0.0005), E. cyclocarpum (p<0.0001), and G. sepium (p<0.0001).  The difference between S. 
saman and C. cainito approached significance (p<0.06). 
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6.8  Seasonal differences in leaf toughness 
Pooling all leaf samples (both young and mature, including Cuts 1, 5, 6, 7 and midleaf), 
the average toughness of howler foods varied across months (Table 6.9, Figure 6.6.  ANOVA, 
F=5.803, df=9, p<0.0001).  November and January were the two months of highest average 
toughness.  Tukey post-hoc tests indicate that November average leaf toughness exceeded that of 
June (p<0.003) and July (p<0.04).  Similarly, January leaf toughness was greater than that of 
October (Tukey post hoc test: p<0.002), March (p<0.05), April (<0.006), June (<0.0001) and 
July (p<0.0007).  Overall, during the months of the dry season (aside from December), the 
average toughness of the leaves that howlers consumed were tougher than those of the 
transitional and wet season (April through July) (Figure 6.6).  The lower average toughness of 
the leaves that howlers ate from April through July is likely a result of the increased consumption 
of more fragile young leaves during these months (see Chapter 5). 
It is important to note that while it was not possible to test all of the leaves that comprised 
the howler diet each month, those that were tested generally represented the leaves on which 
howlers focused their feeding time (see Chapter 5).  Therefore, although these results do not 
provide a complete profile of the toughness of the howler diet throughout the study, they indicate 
that howlers consumed tougher leaves during the dry months. 
 
6.9  Within-species differences across months in leaf toughness  
I tested five species sufficiently to enable comparisons across months in leaf toughness:  
Albizia adinocephala, Enterolobium cyclocarpum, Gliricidia sepium, Samanea saman and 
Spondias mombin.  E. cyclocarpum is a bipinnate leaf; therefore, I only collected and compared 
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the toughness values of Cut 7.  For the other species, the toughness values of Cuts 1, 5, 6 and 
midleaf were pooled for comparisons.   
Albizia adinocephala mature leaves were tested in November, December, February, 
April, May, June, and July (Figure 6.7).  Leaf toughness values differed significantly across 
months (ANOVA, df=6, F=3.72, p<0.005).  Specifically, leaves tested in December were more 
fragile than those tested in May (Tukey’s post hoc, p<0.007), June (p<0.02) and July (p<0.05).  
E. cyclocarpum mature leaves also differed across months (Student’s t-test, p<0.0001).  I tested 
these leaves in December and June (from the same tree); the June leaves not as tough as 
December leaves (Figure 6.8).  G. sepium mature leaves were tested in October, December, 
March, May, and July and were found to differ significantly across months (Figure 6.9:  
ANOVA, df=4, F=3.20, p<0.02).  Although Tukey’s post hoc test did not reveal significant 
differences among any of these months, the actual toughness values for May and July were lower 
than those of October, December, and March.  Samanea saman mature leaves were tested in 
January and March, and these toughness values did not significantly differ (Student’s t-test, 
p<0.28).  Additionally, Spondias mombin young leaves were tested in April, May, June, and 
July; these toughness values were also found to be statistically identical (ANOVA, df=3, F=0.97, 
p<0.42). 
 
6.10  Time spent feeding and average toughness 
Results from Chapter 5 indicate no major differences in adult and juvenile dietary 
patterns, in terms of the gross dietary categories or plant species consumed.  However, given the 
extreme variation found in resource toughness, even non-significant differences in the time spent 
feeding on certain resources may translate to differences in dietary toughness across age and sex 
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classes.  In order to determine whether toughness differences actually existed between adults and 
juveniles, I computed toughness scores for each age and sex class using 7 species of commonly 
consumed (see Chapter 5) mature leaves (Albizia adinocephala, Bursera simarouba, 
Chrysophyllum cainito, Enterolobium cyclocarpum, Gliricidia sepium, Leucaena leucocephala, 
and Samanea saman).  The mature leaves of these 7 species accounted for approximately 20% of 
the diet for each age/sex class.  I calculated toughness scores by first taking the time spent 
feeding (TSF) on the mature leaves of each of these 7 species and dividing this value by the total 
amount of time spent feeding.  Computing TSF in this manner enabled me to control for slight 
variations in the overall time spent observing juveniles, adult females, and adult males.  I then 
multiplied TSF by the average toughness of the resource and compared these values across 
age/sex classes.  
For 3 of the species analyzed (E. cyclocarpum, L. leucocephala, and B. simarouba), 
juveniles had lower toughness values than either adult females or adult males.  Overall, however, 
no consistent pattern emerged (Table 6.10).  For the least tough species (G. sepium: 349.23 
J/m
2
), as well as the toughest species (S. saman: 793.77 J/m
2
) considered in this analysis, 
juveniles’ toughness score was intermediate between that of adult females and adult males.  
Juveniles’ toughness score was actually higher than either class of adults for 2 moderately tough 
species analyzed (A. adinocephala: 544.01 J/m
2
 and C. cainito: 577.66 J/m
2
).   
Although these results initially imply that juveniles did not consume a more fragile (i.e., 
less tough) diet than that of adults, two important observations must be noted.  First, adult males’ 
toughness score for S. saman—one of the toughest species tested (see above)—was nearly 5 
times that of either juveniles or adult females.  These data strongly suggest that although age/sex 
class differences in toughness scores may be negligible or even contrary to predictions for more 
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fragile species, males consume the toughest resources disproportionately more than juveniles and 
females.  These observations are in accord with Ravosa and Ross’ (1994) results indicating that 
size related features of the howler face and jaw enable larger individuals (i.e., males) to better 
resist the chewing stresses of tough foods and therefore masticate these resources more 
efficiently.   
A second notable result from this analysis is that the sum of juveniles’ toughness scores 
for these 7 species is lower than that of either adult males or adult females (Table 6.10).  These 
results demonstrate that although no clear pattern emerged when considering each of the species 
separately, the overall toughness profile of juveniles was reduced compared to adults.  Age/sex 
class differences fail to reach statistical significance (ANOVA:  df=2, F=0.73, p<0.50); however, 
juveniles’ lower overall toughness index may be biologically significant.  Juveniles did not 
entirely avoid any of the mature leaf species that adults consumed—indicating that they are 
capable of masticating and digesting all of the adult resources—yet juveniles’ lower overall 
toughness index (approximately 74% of the adult toughness index) suggests that they have a 
reduced capacity or reduced efficiency to consume these resources.  Such reduced capabilities 
may have far-reaching consequences for juveniles, particularly during the dry season months of 
December, January, and February, when howlers increased their consumption of mature leaves 
(see Chapter 5).  The results of this chapter also reveal that for several tree species, mature leaves 
were tougher during the dry months, just as howlers increasingly relied on these resources.  
Chapter 7 further investigates the consequences of howlers’ dry season reliance on tougher, 
mature leaves for juvenile feeding competence and survivorship. 
 
6.11  Conclusion 
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 The toughness results demonstrate that howlers consumed foods with a range of resource 
mechanical properties.  Specifically considering the leaves in the howler diet, young leaves were 
less tough than mature leaves.  Leaf toughness varied even within different regions of the leaf.  
The least tough portion of the leaf was the lamina (excluding secondary or tertiary veins).  The 
toughest leaf region was the base, which was tougher than either the leaf tips or lamina sections.  
These within-leaf toughness differences may at least partially explain the howlers’ tendency to 
focus their feeding bouts on the leaf tips of certain species. 
 Results also show that individual plant species varied in mature leaf toughness.  The 
frequently-consumed Gliricidia sepium mature leaves were less tough than some other common 
mature leaves in the howler diet (including Albizia adinocephala, Chrysophyllum cainito, and 
Samanea saman).  Of the samples compared, S. saman (a resource on which howlers relied 
during the dry season) had the toughest leaves.  Along these lines, there were differences in the 
toughness of the leaves that howlers consumed across months of the study.  Peaks in leaf 
toughness occurred in both November and January.  Aside from December, the leaves that the 
howlers ate were tougher in the dry season than in the wet season.   
Using time spent feeding (TSF) multiplied by average mature leaf toughness for 7 species 
indicates that juveniles’ may have consumed a more fragile diet than adults.  Although the age 
class difference in overall dietary toughness remains statistically insignificant, it is nonetheless 
important to acknowledge that juvenile feeding patterns resulted in their having a lower 
toughness profile than either adult females or adult males.    
In sum, these results demonstrate that howlers ate foods that varied considerably in 
toughness.  While some of their most preferred resources (for example, Gliricidia sepium mature 
leaves, see Chapter 5) were low in toughness, the howlers were able to shift to much tougher 
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foods (such as Samanea saman mature leaves) during the dry season months.  Chapter 5 
demonstrated that the dietary profiles of adult and juvenile howlers are virtually identical.  
Contrary to the initial prediction that juveniles would avoid tough foods as result of their 
developing guts and masticatory features, juveniles shifted to these tougher foods just as adults 
did.  However, calculating toughness profiles for each age and sex class indicates that juveniles 
may have had an overall less tough diet than adults.  Therefore, although juveniles are capable of 
processing the range of foods comprising the howler dietary profile (even while they still lack 
adult-like craniodental and digestive anatomy), they may do so at a lesser capacity or with 
reduced efficiency compared to adults.  The remainder of this thesis investigates the 
consequences of juveniles’ feeding patterns and explores how features of howler life history may 
have evolved in response to the dietary challenges that juveniles face. 
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FIGURES AND TABLES 
 
Figure 6.1:  Frequency histogram showing the toughness of all resources tested.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2:  Comparison of Cuts 1, 5, and 6 (mature and young leaves combined).  Outliers 
are shown as filled and open circles. 
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Figure 6.3: Comparison of the toughness measures of mature leaves (ML) and young leaves 
(YL), combining Cuts 1, 5, 6, 7, and midleaf.  Young leaves are shown in red and mature 
leaves are shown in blue.  This figure includes the Cut 6 values for F. obtusifolia. 
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Figure 6.4:  Comparison of the average toughness for Cuts 1, 5, and 6 of mature leaves and 
young leaves.  (N= number of toughness tests) 
 
 
 
 
Figure 6.5:  Comparison of the average toughness (J/m
2
) of mature leaves and young leaves 
of 5 different species.  Values for cuts 1, 5, and 6 have been pooled.  (N= number of 
toughness tests) 
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Figure 6.6:  Monthly average toughness values (J/m
2
) of all leaves (both young and mature) 
that were tested.   Values for Cuts 1, 5, 6, 7, and midleaf have been pooled (N=819 
toughness tests). 
 
 
 
 
 
Figure 6.7:  Average toughness (in J/m
2
) of Albizia adinocephala mature leaves across 
months of the study.  Toughness values of Cuts 1, 5, 6, and midleaf have been pooled.  (N= 
number of toughness tests). 
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Figure 6.8: :  Average toughness (in J/m
2
) of Enterolobium cyclocarpum mature leaves 
across months of the study.  Includes toughness values of Cut 7.  (N=Number of toughness 
tests). 
 
 
 
 
Figure 6.9:  Average toughness (in J/m
2
) of Gliricidia sepium mature leaves across months 
of the study.  Toughness values of Cuts 1, 5, and 6 have been pooled.  (N= number of 
toughness tests). 
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Table 6.1:  List of plant species and plant parts tested for toughness.  The dietary 
percentages include only the plant parts that were tested for toughness (e.g. Spondias fruits 
were not tested for toughness and are therefore not included in this calculation). 
 
Species Plant part Percentage of diet 
Albizia adinocephala ML, YL 3.74 
Bursera simarouba ML, YL 1.75 
Cassia grandis ML 0.29 
Chimelcate (vine) YL, Stem 1.69 
Chrysophyllum cainito ML 4.04 
Cordia alliadora ML 1.26 
Enterolobium cyclocarpum ML, Stem 3.39 
Ficus obtusifolia YL 1.18 
 Gliricidia sepium ML, FL 9.33 
Leucaena leucocephala ML, Pod 5.04 
Maclura tinctoria ML, YL 0.64 
Piper spp (shrub) ML 0.25 
Samanea saman ML, YL 3.82 
Spondias mombin ML, YL 2.48 
Terminalia oblonga* ML, Stem, Pod 2.20 
Total 41.12 
*Terminalia oblonga mature leaves were not included in this analysis because howlers did not consume 
mature leaves on the day of collection. 
 
Table 6.2: Range of toughness of all resources tested.  Values are in J/m
2
. 
Range Species Type Cut 
Minimum: 95.20 Maclura tinctoria YL 1 
Maximum: 6029.70 Albizia adinocephala Stem N/A 
Mean: 570.44 
CV: 1.16 
Median: 386.08 
 
 
Table 6.3: Range of toughness for leaves. Values are in J/m
2
. 
Range Species Type Cut 
Minimum: 95.20 Maclura tinctoria YL 1 
Maximum: 2030.70 Ficus obtusifolia YL 6 
Mean: 476.61 
CV: 0.66 
Median: 379.80 
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Table 6.4:  Comparison of toughness values for Cuts 1, 5, and 6 of all leaves (mature and 
young leaves combined).  All toughness values are in J/m
2
. 
 
 Mean Median CV Range 
95.2 Cut 1 287.60 284.20 0.38 
672.20 
110.90 Cut 5 415.71 354.00 0.48 
1140.40 
113.90 Cut 6 720.94 639.40 0.57 
2030.70 
 
 
 
Table 6.5:  Descriptive statistics comparing young and mature leaves. All toughness values 
are in J/m
2
. 
 
 Mean Median CV Range Species Cut 
114.90 Piper spp. 1 ML 529.76 444.10 0.56 
1870.40 Samanea saman 6 
95.20 Maclura tinctoria 1 YL 379.76 287.50 0.88 
2030.70 Ficus obtusifolia 6 
 
 
Table 6.6:  Comparison of mature leaf and young leaf Cut 1, 5, and 6.  All toughness values 
are in J/m
2
. 
 
 Mean Median CV Range 
Cut 1 (ML) 312.26 321.30 0.35 114.9 672.20 
Cut 1 (YL) 227.16 224.80 0.36 95.20 433.40 
      
Cut 5 (ML) 484.21 460.30 0.42 171.50 1140.40 
Cut 5 (YL) 317.04 287.95 0.45 110.90 952.00 
      
Cut 6 (ML) 824.83 821.93 0.38 278.70 1870.40 
Cut 6 (YL) 551.52 341.38 0.86 113.90 2030.70 
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Table 6.7:  Within species comparisons of young leaves and mature leaves, combining Cut 
1, 5, and 6.  All toughness values are in J/m
2
. 
 
 Mean Median CV Range 
Albizia adinocephala ML 544.1 472.60 0.49 122.60 1314.95 
Albizia adinocephala YL 262.52 256.90 0.26 115.55 449.15 
      
Bursera simarouba ML 528.87 374.30 0.64 206.30 1108.20 
Bursera simarouba YL 277.47 299.65 0.35 103.25 430.90 
      
Maclura tinctoria ML 521.16 433.90 0.58 167.60 1125.90 
Maclura tinctoria YL 268.21 213.00  61.55 816.40 
      
Samanea saman ML 793.77 671.40 0.45 310.60 1870.40 
Samanea saman YL 511.28 393.30 0.56 198.60 1387.10 
      
Spondias mombin ML 667.18 602.80 0.49 257.25 1361.30 
Spondias mombin YL 276.79 285.15 0.30 100.30 613.50 
 
Table 6.8:  Comparison of the average toughness of six species of mature leaves.  Cuts 1, 5, 
6, and midleaf have been pooled. Toughness values are in J/m
2
.
 
 
 Mean Median CV 
Albizia adinocephala 544.01 472.60 0.48 
Bursera simarouba 528.87 374.30 0.64 
Chrysophyllum cainito 577.66 547.25 0.46 
Enterolobium cyclocarpum 412.64 411.50 0.23 
Glricidia sepium 349.23 296.70 0.47 
Samanea saman 793.76 671.40 0.46 
 
Table 6.9:  Monthly toughness values of all tested howler foods.  All toughness values are in 
J/m
2
. 
 
 Mean Median CV Range 
October 449.87 336.95 0.74 114.90 1504.00 
November 552.88 461.45 0.51 171.80 1359.00 
December 420.7 436.40 0.34 122.60 845.60 
January 652.06 551.63 0.60 115.55 1870.40 
February 505.35 376.10 0.57 202.45 1292.90 
March 459.15 363.50 0.60 138.25 1428.40 
April 409.33 326.38 0.66 103.25 1387.10 
May 501.24 334.30 0.74 184.55 1762.35 
June 416.29 305.10 0.93 95.20 2030.70 
July 407.05 319.65 0.62 117.50 1186.90 
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Table 6.10:  Toughness scores of juveniles, adult males, and adult females for 7 species of 
mature leaves.  The toughness scores were calculated as the percentage of time spent 
feeding (TSF) on the resource times its average toughness.  Figures below each toughness 
score represent the time spent feeding on the mature leaves of each species. 
 
 
 
Toughness Score (TSF x Toughness) 
Tree Species 
Ave ML 
Toughness Juveniles Adult 
Females 
Adult 
males 
Gliricidia sepium 
349.23 J/m
2
 
23.07 
(6.61%) 
30.35 
(8.69%) 
21.31 
(6.10%) 
Enterolobium 
cyclocarpum 412.64 J/m
2
 
5.02 
(1.22%) 
10.90 
(2.64%) 
10.61 
(2.57%) 
Leucaena 
leucocephala 428.83 J/m
2
 
2.60 
(0.61%) 
5.90  
(1.38%) 
8.21 
(1.91%) 
Bersara simarouba 
528.87 J/m
2
 
0.35 
(0.07%) 
20.07 
(3.79%) 
1.11 
(0.21%) 
Albizia adinocephala 
544.01 J/m
2
 
13.71 
(2.52%) 
9.61 
(1.77%) 
11.89 
(2.19%) 
Chrysophyllum 
cainito 577.66 J/m
2
 
25.21 
(4.36%) 
23.67 
(4.10%) 
5.24 
(0.91%) 
Samanea saman 
793.77 J/m
2
 
10.82 
(1.36%) 
8.43 
(1.06%) 
50.72 
(6.39%) 
 
 Total 80.79 108.93 109.08 
! 192!
 
CHAPTER 7: POPULATION DYNAMICS OF MANTLED HOWLER MONKEYS AT 
LA ISLA DE OMETEPE 
  
7.1 Introduction 
The goal of this chapter is to continue examining the degree to which seasonal 
fluctuations in food availability may cause howlers (in particular, young juvenile howlers) to 
experience dietary stress.  These data are necessary to evaluate two of the predictions of my 
initial hypothesis:  1) that young juveniles “fall back” to their mothers’ milk in response to 
seasonal food scarcity, and 2) that young juvenile mortality is increased during periods of 
resource shortages.  I have addressed the issue of seasonal variation in food consumption and 
activity patterns in previous chapters, with data on activity budget, phenology, monthly diet, and 
resource toughness.  This chapter investigates how the population dynamics of mantled howlers 
at Ometepe varied across the course of a year.   
Specifically, I present data on the births and deaths/disappearances that I observed in the 
study groups from August 2006 through August 2007.  Examining these population dynamics 
enables me to evaluate the possible consequences of juvenile feeding and foraging inadequacies.  
Chapters 4 and 5 demonstrate that although juveniles forage less efficiently than adults, they 
have an adult-like diet, both in terms of gross dietary categories and plant species consumed.  
Toughness data from Chapter 6, however, suggest that juveniles’ feeding behaviors result in a 
diet that is lower in overall toughness than that of adults.  A closer examination of mortality 
patterns is necessary in order to determine whether or not weanling juveniles struggle with early 
adoption of an adult-like diet, particularly with regard to the seasonal dietary (Chapter 5) and leaf 
toughness (Chapter 6) shifts.  If feeding and foraging pose few challenges to young juveniles, 
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their mortality rate should be similar to that of adults; however, if young juveniles cannot 
efficiently or effectively meet the mechanical demands of the adult diet, juvenile mortality is 
expected to be elevated compared to adults.  Because the howler diet shifted according to season 
(Chapter 5), it is important to ascertain whether or not seasonal dietary fluctuations exacerbated 
juvenile feeding/foraging shortfalls (as evidenced by elevated mortality during these seasons). 
 
7.2  Schedule of births 
A total of 13 infants were born from August 2006 through August 2007.  Six births 
occurred in the North Group and seven births occurred in the South Group.  North Group births 
occurred in September, November, December, March, and May; South Group births occurred in 
September, November, December, January, March, June, and July.  Combining the groups, births 
occurred in 8 of the 12 months (Figure 7.1, Table 7.1); however, births clustered in November, 
December, and January.  During these 3 months, 6 of the 13 (or 46%) total births occurred.  
Although a birth peak has not been previously reported for A. palliata living at Ometepe, the 
present results suggest that a peak does occur at the transition between the wet and dry seasons 
and continues into the early dry season months.  Because the howler gestation length is 
approximately 6 months (Glander, 1980), this indicates that a there should be a preponderance of 
newly locomotor independent, 6 to 8 month-old juveniles during the months of June, July, and 
August.  Following this prediction, juveniles of this age were seen at the appropriate time 
throughout multiple years.  During a pilot study in July and August 2004, 3 groups contained 3 
to 4 juveniles each (based on the physical and developmental characteristics defined by Glander, 
[1980]) (Raguet-Schofield, 2004).  At the onset and termination of the present project (August 
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2006 and 2007) and during a revisit to the field site in August 2008, the two study groups also 
contained 3 to 5 individuals of this age.   
 
7.3  Mortality patterns of infants 
 Overall, infants suffered a 46% mortality rate (6 of the 13 born during the study died) 
(Table 7.1; Figure 7.2).  Moreover, mortality varied by group.  Of the 6 infants born in the North 
Group, 4 either died or disappeared prior to becoming locomotor independent (6 months of age), 
indicating a 67% mortality rate for North Group infants.  Of the 7 infants born in the South 
Group, only 2 disappeared prior to locomotor independence, indicating a 29% mortality rate. 
 In the North Group (Table 7.1; Figure 7.2), the one infant born in September disappeared 
in November.  The November infant disappeared in late February or early March.  Of the 2 
December infants, one died in April (see below), and the other was still alive at 8 months of age 
the following August.  This surviving 8-month old (a female), still occasionally rode on her 
mother’s back during travel—an observation which contradicts Clarke’s (1982; 1990) finding 
that beyond 6 months of age, howlers were totally locomotor independent.  The March infant 
disappeared in July (when the infant’s mother was encountered with no infant).  Finally, the May 
infant was still alive through August; however, this infant’s survival beyond 3 months of age is 
unknown.  This schedule of deaths indicates that one infant died in the transitional season 
between the wet and dry months (i.e., November), 2 infants died during the dry season, and 1 
infant died the following wet season.   
In the South Group (Table 7.1; Figure 7.2), the September infant disappeared in 
November and the November infant disappeared at some point during the dry months of January 
through April.  The remaining 5 infants (born in December, January, March, June and late July 
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or early August 2007) were all still present in the group at the termination of the study in August 
2007.  For the last two infants (born near the end of the study), survival beyond 1 to 2 months is 
unknown.  In August 2007, both the December and January infants (7 and 8 months old) were 
approaching locomotor independence and were nearly ready to be classified as young juveniles. 
Taking both groups together, these results indicate that 2 of the total 13 (15%) infants 
born during the study period died in November, just prior to the onset of the dry season.  Three 
infants died during the dry season (23%), and one died during the wet season near the end of the 
study (8%). 
 
7.4  Mortality patterns of young juveniles 
 When the study began in August 2006, the North and South Groups both had 3 to 4 
young juveniles (locomotor independence to weaning, or approximately 6-12 months old).  By 
December 2006, each group had gained 1-2 additional young juveniles as a result of infants that 
were present at the beginning of the study becoming locomotor independent and being moved to 
the young juvenile category.  None of these young juveniles died or disappeared prior to the 
onset of the dry season; in fact, by January, each group contained a total of 5 young juveniles. 
 In the North Group, 3 of the 5 young juveniles disappeared between the months of 
January and April (60% mortality).  In the South Group, 2 of the 5 young juveniles disappeared 
during this same time frame (40% mortality).  No juveniles disappeared during any other month 
of the study.  When combining the data from the two groups, there was a 50% juvenile mortality 
rate, confined entirely to the months of the dry season.  It is important to note that these 
individuals would have been approximately 12 months old at the time of their 
deaths/disappearances.  This age period corresponds with the final stages of weaning, as 
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individuals generally cease to suckle around the time they are 12-15 months old (Froehlich et al, 
1981; Clarke, 1990).  Although howlers of both sexes generally emigrate from their natal group 
as they approach adulthood (Glander, 1992), the nursing juveniles discussed above were too 
young for emigration to account for their disappearances.  Nearly 20 years of research at 
Hacienda La Pacifica, Costa Rica, reveals that for males, average dispersal age is 21.9 months 
(N=11), and for females, average dispersal age is 32.8 months (N=26) (Glander, 1992). 
 
7.5  Mortality patterns of adult males and females 
 Adult males were the most distinctive age/sex class and also the fewest in number; 
therefore, individual recognition of adult males was the most reliable.  Throughout the study, 
both groups contained 4 adult males.  No takeovers were witnessed, nor were any of the adult 
males observed to go missing during the study period.  
 Because the groups were often quite spread out and frequently formed subgroups, daily 
counts of the number of adult females (the most numerous age/sex class) was difficult.  
However, when combining daily ad libitum records of the subgroups observed, it is apparent that 
each group generally contained  approximately 8 to 10 adult females. 
 A badly decomposed carcass of an adult howler was encountered in the forest on March 
3, 2007.  Because all males in both groups could be accounted for, it is likely that this body 
belonged to an adult female.  The deceased howler was found at the base of a fruiting mango tree 
(see below), in an area of the forest that both groups used.  The North Group had been at this site 
most frequently in the days prior to and following this incident.  It is therefore likely that the 
deceased howler had been a member of the North Group.  At this time, nearly all adult females 
(of both groups) had dependent offspring (either infant or juvenile).  Although the body of a 
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dependent was never found in association with the dead adult, it is likely that the deceased 
female may have also been the mother of one of the infants or juveniles who disappeared during 
this same time frame.  The cause of death was unknown. 
A second adult female was killed near the same fruiting mango tree 6 weeks later (on 
April
 
12, 2007) during a dog attack (see below).  This female had been a member of the North 
Group.  It is possible that additional adult females died or disappeared without being noticed; 
however, if just these observed instances are taken into account, mortality rate for adult females 
was between 10 and 12.5% (2 deaths out of approximately 16 to 20 females in the combined 
groups).  Similar to juveniles, all observed cases of adult female mortality occurred during the 
dry season (March and April). 
 
7.6  Dog predation incident 
 The aforementioned North Group adult female was killed in a dog predation incident (see 
Raguet-Schofield, in prep).  This adult female had a 4-month old infant, who died following the 
attack on its mother.  The dog predation incident took place at the site of a fruiting mango tree 
that was located in a region of overlap between the North and South Groups (see Figure 7.3).  
Phenological assessments indicate that this mango tree was fruiting from approximately January 
through June (although no fruits were present in May), with a peak in fruit availability during 
March and April (Figure 7.4). The mango tree was 103 meters away from a construction project 
initiated by 2 North Americans who had purchased land in this area of the forest in November 
2006.  The landowners initiated the construction of a cabin at this site, in a field at the edge of 
the forest fragment.  Construction of the cabin began in January 2007, and as local workers 
assisted in the project, dogs occasionally accompanied them into the forest.  While the cabin was 
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being built (from January to June 2007), I encountered dogs in the forest (either visually or 
acoustically) on 33% (n=73) of observation days.  However, there was no clear pattern of an 
increase in the presence of dogs in the forest during the cabin’s construction (Figure 7.5). 
On April 12, 2007, a subgroup (containing 7 individuals) of the North group entered the 
mango tree and began feeding on unripe fruits at 7:15 in the morning.  Building activities from 
the construction site could be heard while the howlers fed and rested for nearly two hours.  At 
9:10am, an infant began alarm calling from approximately 35 meters away, in the direction of 
the construction site.  At 9:16am, dogs began barking, and the infant’s alarm calls became more 
persistent.  The howlers still resting and feeding in the mango tree became agitated and vocal 
(hooting, howling, and glancing in the direction of the commotion).  As the barking and infant 
distress calls continued, I left my focal animal and walked in the direction of the disturbance. 
At 9:37am, I encountered a dead female howler at the site of the infant’s alarm calls.  The 
female was on the ground, and two dogs were attempting to consume the body.  Upon inspection 
of the body, the female howler had bleeding wounds at the throat, right flank, and hindquarters.  
The body was not yet rigid and was still warm.  It is unknown whether the female had been 
attacked while foraging among low-lying shrubs or if she fell from a tree.  The infant (a 4-month 
old male) had not been harmed; he remained in a tree above the body of his mother and persisted 
in giving alarm and retrieval calls.  The rest of the sub-group (still at least 35 meters away), 
responded with hoots and howls to each of the infant’s cries.  
The infant was one of the 2 North Group infants who had been born in December.  At 4 
months of age, he was unable to leap across the extensive tree-crown gaps and return to the rest 
of the subgroup.  He persisted in giving alarm and retrieval calls for approximately 3 hours and 
then fell from the tree branch onto the ground.  He was barely conscious and in a state of shock.  
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Despite revival attempts, the infant died the following morning, at approximately 9:00am on 
Friday, April 13, 2007. 
 
7.7  Conclusion   
 This chapter on group dynamics reveals a number of important conclusions about the 
births, deaths, and intergroup interactions of the howlers of Ometepe.  First of all, the data 
indicate a birth peak occurred during the onset of the dry season (November through February).  
Evidence for this peak includes the schedule of births observed during the study period as well as 
an increase in the number of 6-8 month old juveniles in the months of July and August through 
several years (2004, 2006, 2007, and 2008).  Overall infant and juvenile mortality approached 
50% (for both age classes), and the majority of deaths occurred during the dry season.  Although 
no adult males died during the study period, the only 2 adult females known to have died also 
died during the dry season.  The exact causes of death are unknown for most of the individuals 
who died or disappeared; however, the results of this study indicate that dogs were present at the 
field site and were directly responsible for the death of at least one female (and indirectly 
responsible for the death of her infant).  It is unknown whether dogs were involved in any of the 
other howler deaths or disappearances. 
 Results of the previous chapters (4, 5, and 6) demonstrate that the dry season was a 
period of relative stress for the howlers at Ometepe:  howlers altered their behavioral and dietary 
patterns as food became tougher more scarce during the dry months.  The data from this chapter 
support the fourth and final prediction of my initial hypothesis—that the mortality rate of young, 
unweaned juveniles increases during the scarce dry season.  These results strongly suggest that 
although young juveniles eat an adult-like diet even prior to being weaned, the transition to 
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dietary independence may involve nutritional stressors that contribute to the overall elevated 
mortality of this age class. 
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FIGURES AND TABLES 
 
 
Figure 7.1:  Number of births per month, plotted against rainfall. 
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Figure 7.2: Timeline of infant births and deaths from September 2006 through August 
2007.  Red lines indicate infants of the North Group, blue lines indicate infants of the South 
Group.   Unknown dates of death are indicated for two infants (Spud and Scout) in gray.  
Surviving infants are demarcated by arrows proceeding through August.  
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Figure 7.3:  Map of forest showing the location of the dog attack.  The mango tree and 
construction site are 103m apart. 
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Figure 7.4:  Rainfall plotted against mango tree phenology. 
 
 
 
 
Figure 7.5:  Percentage of observation days  that dogs were encountered in the forest. 
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Table 7.1:  Schedule of infant births and deaths.  (Note:  infant’s name does not always 
reflect its sex). 
 
Infant ID Group Sex Month of 
birth 
Month of 
death/disappearance 
Newb North Unknown September November 
Nathan Jr. South Unknown September November 
Spud North Unknown November February or March 
Scout South Unknown November between January and April 
Scooby North Male December April 
Stacy North Female December survived 
Judy South Unknown December survived 
Kenny South Unknown January survived 
Mabel North Male March July 
Oziline South Unknown March survived 
Toby North Female May survived 
Danny South Unknown June survived 
Patti South Unknown late July survived 
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CHAPTER 8:  DISCUSSION 
 
8.1  Introduction 
 The goal of this thesis has been to examine the acquisition of foraging competence in a 
rapidly growing, folivorous anthropoid primate and to determine whether or not this life history 
strategy represents an evolutionary adaptation to a diet that poses masticatory and digestive 
challenges to juveniles.  This chapter synthesizes the results of the previous chapters and 
evaluates the predictions outlined in the Introduction in order to determine whether or not the 
initial hypothesis was supported.  I discuss in detail the central themes of the thesis, including the 
roles of maternal investment and seasonality.  I also discuss the concept of fallback foods and 
propose a modification to the traditional definition outlined by Marshall and Wrangham (2007).  
Finally, I evaluate the fast versus slow and modular life history frameworks and determine 
whether either can adequately explain mantled howler life history. 
  
8.2  Evaluation of predictions 
8.2a:  Juvenile foraging proficiency 
 The first prediction was that juveniles are less efficient foragers than adults. Juvenile 
foraging inefficiency would suggest that juveniles struggle to maintain an adequate diet during 
the weaning process and therefore support the hypothesis that the howler dietary pattern has 
influenced the evolution of its life history strategy.  I investigated this prediction in Chapter 4, by 
analyzing data on adult and juvenile activity patterns.  Results supported this prediction by 
indicating that juveniles foraged less successfully than adults.  Specifically, juveniles expended 
more effort foraging than did adults:  juveniles spent more time foraging relative to the time they 
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spent feeding, and juveniles devoted a greater proportion of their day to foraging.  Juveniles did 
not appear to be socially excluded, nor did they receive disproportionately high aggression from 
conspecifics at feeding sites.  Therefore, juveniles’ foraging inefficiency appears to relate 
directly to their lack of experience or skill rather than to social factors, such as aggression or 
feeding competition.  
It is important to note that although the adult/juvenile foraging differences were 
statistically significant, the actual differences in time per day spent foraging and in foraging 
effort were quite small.  Nonetheless, even small differences may be meaningful.  As juveniles 
constantly grow and change throughout their ontogeny, their behaviors are expected to become 
more and more adult-like.  Detecting differences in such a dynamic system is difficult at best.  
The finding of even a small difference in adult and juvenile behavior may be indicative of a 
biologically meaningful result—one that is masked by the continual growth and development of 
juveniles throughout the study.  
8.2b:  Juvenile and adult dietary patterns 
 My second prediction was that if the transition to dietary independence poses challenges 
to juveniles, then juvenile and adult diet and feeding behaviors should differ.  Specifically, I 
predicted that juveniles should either avoid or differentially process tough leaves contained in the 
adult diet.  I investigated these predictions in Chapters 5 and 6.  Results indicate that the adult 
and juvenile diets were statistically identical in terms of gross dietary categories.  The plant 
species that juveniles and adults consumed also overlapped highly; that is, juveniles did not 
avoid certain resources contained in the adult diet, nor did they explore additional resources that 
adults did not consume.  Juveniles processed plant tissues in the same manner as adults (either 
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breeching or masticating); however, there was a qualitative trend for juveniles to preferentially 
select the tips-only of mature leaves more frequently than adults. 
 Investigation of toughness (in Chapter 6) indicates that mature leaves are tougher than 
young leaves and leaf bases are tougher than leaf tips.  Because juveniles tended to more 
frequently select the tips-only of mature leaves, this result may suggest that juveniles preferred 
more fragile resources.  Additionally, analysis of the time spent feeding on several species of 
mature leaves provides evidence that juveniles’overall feeding patterns result in a toughness 
profile that is only approximately 74% that of adults.  This thesis is the first research that 
provides evidence that juveniles have a reduced capacity to feed on tough resources.  Such 
reduced capability suggests consquences for juveniles (and for the howler life history strategy) 
during seasonal periods (particularly, November and January) when howlers shift to tougher, 
mature leaves.  
 The results of Chapters 5 and 6 provide some support for the prediction that adult and 
juvenile dietary patterns differ.  Although adults and juveniles ate the same resources in a similar 
manner, juveniles structured their feeding time in such a way that resulted in an overall lower 
toughness profile than adults.  This difference in adult/juvenile feeding behavior indicates that 
masticating and digesting an adult-like diet containing tough resources posed significant 
challenges to juveniles and suggests that juveniles’ inability to cope with tough resources has 
influenced the evolution of the mantled howler life history strategy, including growth rate, the 
timing of the weaning process, and level of maternal investment.   
8.2c:  The role of milk 
The third prediction was that if the adult diet challenges juveniles, the latter would “fall 
back” to their mothers’ milk, particularly during seasons when foods were scarce or difficult to 
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chew.  In this manner, milk may provide a buffer against seasonal food shortages or tough 
resources.  Results of Chapters 4, 5, and 6 support this prediction.  Specifically, resources 
became scarcer during the dry months, so howlers shifted to tougher, mature leaves at this time.  
Nursing time peaked at the onset of the dry season, and milk accounted for nearly 20% of 
juvenile feeding time through February.  Milk consumption dropped (to 5% or less) at the end of 
the dry season, just as young leaves began flushing again.  These data indicate that milk is an 
important source of protein for juvenile howlers when young leaves are scarce during the dry 
months.  Even though juveniles’ feeding patterns approximated those of adults from early in 
ontogeny, juveniles’ continued reliance on milk indicates that they faced challenges in fully 
transitioning to an adult-like diet. 
8.2d:  Juvenile mortality 
My fourth prediction was that if mantled howlers experience seasonal food stress and 
shift to lower quality, tougher resources, juvenile mortality would increase during these periods.  
Chapters 4, 5, 6, and 7 demonstrated that food stress occurred during the dry season on Ometepe.  
Howlers devoted less time to feeding and foraging during the driest months.  Phenological 
samples are small, but the available data suggest an overall reduction of food availability, 
particularly of high protein resources such as young leaves, during these months.  At the same 
time, howlers increased their consumption of tougher, mature leaves.  An increase in the 
frequency and intensity of IGE’s at feeding sites during the dry season also provides some 
evidence of food stress.  The food scarcity of the dry season appeared to impact juveniles more 
severely than any other age class.  Approximately 50% of juveniles disappeared during this time, 
as compared with 23% of infants, 10 to 12.5% of adult females, and 0% of adult males.  No 
bodies of juveniles were found; however, because the juveniles were still dependent on their 
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mothers, it is unlikely that they would have survived on their own after having disappeared from 
the group.  This evidence provides support for the fourth prediction, that juvenile mortality 
increases during seasonal periods of food stress. 
It is important to note that the phenological data collected in this study are limited; 
therefore, the trend showing reduced food availability in the dry season may be a result of 
sample collection bias rather than indicative of real variation in food supply.  More exhaustive 
studies of the phenology of howler resources in southwestern Nicaragua (Williams-Guillén, 
2003; Williams-Guillén et al., 2006) demonstrate the same trend found in this study:  a drop in 
the availability of young leaves during the dry months (particularly from November through 
February, when only approximately 10% of howler feeding trees bore young leaves).  Williams-
Guillén (2003: 66) found that the howler diet differed across months and posits that this dietary 
variation “may reflect habitat-wide changes in the abundance and availability of foods.” 
Williams-Guillén’s (2003)!result strengthens the current study’s suggestion of limited food 
availability (particularly of young leaves) during the dry season. 
  
8.3  Primate foraging ontogeny 
 This study reveals that juvenile mantled howler monkeys are less efficient foragers than 
adults, but paradoxically, they adopt an adult-like dietary pattern by the time they are locomotor 
independent—at 6 to 8 months of age.  The toughness of this diet, however, appears to pose 
significant challenges for juveniles.  Even though juveniles are capable of consuming all the 
foods contained in the adult diet, overall juvenile feeding habits result in a toughness profile that 
is reduced compared to adults.  This finding conforms with expectations concerning juveniles’ 
dental and masticatory features.  As discussed in Chapter 2, the deciduous dentition of juvenile 
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howlers lack molar shearing crests (Degusta and Milton, 1998; Froehlich et al., 1981; Glander, 
1980; Swindler, 2002), which may impair their ability to shear leaves into smaller, digestible 
fragments.  In addition, unfused cranial sutures (Jones et al., 2000) and disproportionately 
reduced jaws and facial features (Ravosa and Ross, 1994) suggest that juveniles probably cannot 
generate bite forces comparable to those of adults, possibly compromising chewing abilities 
compared to adults.  The result is that juveniles consume an adult-like diet from an early age, but 
they do so at a reduced capacity. 
 Several other studies also show that—aside from some minor dietary differences caused by 
juveniles’ reduced feeding and foraging skills—primates of many species adopt an essentially 
adult-like diet early in their ontogeny.   Perhaps most notably, Altmann’s (1998) study 
demonstrates that juvenile baboons (Papio cynocephalus) consume an adult-like diet prior to 
being weaned.  The baboon diet, which Altmann (1998) classifies as “eclectic omnivory,” 
includes resources that are difficult for juveniles to harvest or catch, such as grass and sedge 
corms, grasshoppers, and dung beetle larvae.  Resource toughness, however, may present a 
barrier to juveniles’ feeding patterns. Baboon feeding bouts on green grass blades became 
increasingly longer throughout ontogeny, and Altmann (1998: 237) suggested that this 
progression indicated an “increased ability to cope with tough material” as the baboons aged.  
However, grass blades and in particular grass corms (which Altmann [1998] suspected were even 
tougher than blade bases) did not exhibit the same increasing trend.  Data on the actual toughness 
of the foods baboons consumed throughout their ontogeny are necessary before drawing any firm 
conclusions about how resource mechanical properties may affect feeding decisions during the 
weaning period and into adulthood.   
 Gorillas (Gorilla gorilla beringei and G. g. gorilla) offer another example of a primate that 
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acquires the majority of its feeding skills prior to being weaned.  Watts (1985) determined that 
when mountain gorilla (G. g berengei) infants and juveniles at Karisoke in Rwanda began eating 
solid foods, they sometimes tested or tasted plant species or plant parts that adults did not eat, but 
by age 3 (weaning typically occurs during the third or fourth year, Watts [1991]), the diet closely 
approximated that of adults.  By this age (i.e., prior to weaning), young gorillas even ate foods 
that were expected to be difficult to process or masticate (such as epithelium and pith); however, 
Watts (1985) found that immatures were less efficient at processing these resources.  Data on 
resource mechanical properties would help determine whether or not young mountain gorillas 
(like young howlers) may have a reduced capacity for processing some of these tough resources. 
 At Mbeli Bai in the Republic of Congo, Nowell and Fletcher (2008) found that the major 
component of the western lowland gorilla (G. g. gorilla) diet was the aquatic herb Hydrocharis 
chevalieri.  Unweaned juveniles spent even more time feeding on this plant than adults did, and 
they also spent disproportionately more time eating the leaves and stems of H. chevalieri.  As 
individuals aged, they gradually fed more frequently on the roots and rhizomes of this plant 
(Nowell and Fletcher, 2008).  Nowell and Fletcher (2008) attributed this difference in plant part 
consumption to the increased processing (i.e., sorting, washing and dredging) required to 
consume the roots and rhizomes of H. chevalieri.  By preferentially selecting only the leaves and 
stems of this plant species, juveniles were able to avoid any processing prior to consumption 
(Nowell and Fletcher, 2008).   
 MacKinnon (2005) determined that white-faced capuchins (Cebus capucinus) rapidly 
attain foraging competence and the juvenile diet closely resembles that of adults.  Although 
small juveniles (aged 1-3 years) spent statistically more time eating embedded invertebrates (i.e., 
larvae embedded in plants) and large juveniles (aged 3-5 years) ate other invertebrates (such as 
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large arthropods) more frequently than adults, the overall dietary patterns of both age classes of 
juveniles matched that of adults (MacKinnon, 2005).  All age classes also exhibited the same 
seasonal dietary shifts—a finding similar to that of the present study.  Fragaszy et al. (2004) 
report that weaning in capuchins is intitiated around 8 to 12 months and is completed prior to the 
third year, with mean age of completion at 20.5 months.  Because the small juveniles in 
MacKinnon’s (2005) study were already eating an adult-like diet during this time frame, this 
indicates that capuchins, like the above examples, also transition to an adult-like diet prior to 
being weaned. 
 Squirrel monkeys (Saimiri oerstedi and S. sciureus) comprise another primate clade that 
adopts a largely adult-like diet and becomes proficient at foraging early in ontogeny.  Boinski 
and Fragaszy (1989) describe a few age class differences in the diet of S. oerstedi: for example, 
infants spent less time eating fruits and flowers than subadults, and preadults (including infants 
and juveniles) could not properly eviscerate caterpillars prior to the age of 2.5 years.  However, 
as early 4 to 5 months of age, young squirrel monkeys had acquired the majority of adult-like 
feeding and foraging patterns.  Boinski and Fragaszy (1989) report that in S. oerstedi, the 
weaning process begins around 3 months and is completed by 5 months—indicating that adult-
like feeding and foraging patterns are in place by the time young animals transition to foraging 
independence.  In Stone’s (2004; 2007a) study of S. saimiri, she finds that weaning begins later:  
at around 6 months of age.  By 8 months (during the weaning process), there were no significant 
differences across age classes in foraging effort—indicating that weanling juveniles foraged just 
as efficiently as adults.  One exception to juveniles’ foraging efficiency was the Attalea maripa 
fruit, which requires considerable strength to peel (Stone, 2004; 2007a).  Young juveniles solved 
this problem by consuming fallen or discarded A. maripa fruits, but by the time they were 12 
! 214!
months old, individuals could peel the husks and consume this resource as efficiently as adults 
(Stone, 2004; 2007a). 
 In brown lemurs (Eulemur fulvus), Tarnaud (2004) found that during the first year of life, 
infants and juveniles consumed a few novel food items (including some species of young/mature 
leaves and ripe fruits), but the majority of their feeding and foraging behaviors were virtually 
identical to their mothers’.  Weaning in brown lemurs begins around 6 to 8 weeks and is 
completed by about 6 or 7 months of age (Tarnaud, 2004).  At 3 months of age, juveniles’ diet 
closely approximated that of their mothers (Tarnaud, 2004) —indicating that, like many other 
primate species, brown lemurs also transition to an adult-like diet even prior to being weaned. 
 These examples of primate species that attain early feeding and foraging proficiency all 
vary substantially in their dietary patterns.  Howlers and gorillas are generally more folivorous 
than the other species for which ontogenetic feeding data exists; however both of these taxa also 
consume a considerable amount of fruit and other vegetation (mantled howlers: Estrada, 1982; 
1984; Glander, 1978; Milton, 1980; Stoner, 1996, gorillas: Ganas et al, 2008; Rogers et al 1990; 
2004; Watts, 1984).  Brown lemurs similarly consume a diet consisting predominately of plant 
materials, including fruits, flowers, young and mature leaves, and buds (Gould and Souther, 
2006; Overdorff, 1992; 1993; Tarnaud, 2006; Vasey, 2004).  Even the primate species that 
incoporate foraging or processing techniques that may be more difficult for juveniles to master 
exhibit early juvenile feeding and foraging proficiency.  Both Cebus and Saimiri are generally 
considered frugivorous-insectivorous primates (Jack, 2006; Robinson and Janson, 1987).  
Saimiri relies more heavily on insects, spending as much as 80% of the day foraging for insects; 
whereas Cebus spends more time feeding and foraging on fruits and foods that require the 
removal of hard outer coverings, spines, or even poisonous hairs (Jack, 2006; Robinson and 
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Janson, 1987).  Parker and Gibson (1977) consider this latter category of resources to be 
embedded foods that require extractive foraging.  Components of the baboon diet (such as corms 
and larvae) also fit the definition of embedded foods that must be extracted prior to consumption 
(Parker and Gibson, 1977).  Although the above examples indicate that juveniles may not feed 
and forage on certain dietary components as efficiently as adults, the general pattern indicates 
that juveniles of many primate species begin consuming a largely adult-like diet at the same time 
that they begin feeding and foraging independently.  No juvenile-specific resources are 
necessary, and juveniles do not avoid any foods in the adult diet, even though their foraging 
capacity on some of these resources may be reduced.  The present thesis is the first research that 
reveals toughness as a limiting factor in juvenile feeding patterns, and future studies on the 
ontogeny of feeding behavior should investigate resource mechanical properties before 
concluding whether or not juveniles have attained foraging competence.  
 
8.4:  Seasonal dietary stress and mortality 
 The results demonstrating that juvenile howlers consume an adult-like diet early in their 
ontogeny initially seem to negate the hypothesis that dietary factors underlie the overall rapid 
growth rate of this species.  However, because juveniles had a reduced ability to consume these 
resources (as evidenced by their lower toughness profiles), this evidence indicates that dietary 
factors may indeed underlie aspects of howler life history.  Even though juvenile howlers are 
capable of eating an adult-like diet from approximately 6 months of age, they continue to nurse 
until they are approximately 15 months old (Clarke, 1982; 1990).  In the present study, juveniles 
relied on their mothers’ milk during the dry season when food availability was low and 
resources, such as mature leaves, were often tougher than in other times of the year.  Rather than 
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seamlessly transitioning from milk to a fully adult diet, juveniles lingered in the mixed-feeding 
phase and continued to nurse for approximately 20% of their daily feeding time through the 
height of the dry season, while protein sources were scarce.  Nursing time dropped dramatically 
just as the first tender young leaves began to flush again.  This evidence suggests that juveniles 
continued to rely on milk in order to compensate for nutritional shortfalls caused by food scarcity 
and their own feeding inadequacies.  Nowell and Fletcher (2007) similarly maintain that 
continued nursing in western lowland gorillas (Gorilla gorilla gorilla) buffers juveniles against 
seasonal periods when fruit is scarce.  
 Despite nursing through the dry season, juvenile mortality rates were drastically elevated 
during this period.  No juveniles disappeared from either study group in the wetter periods both 
preceding and following the dry months; however, 50% of all juveniles went missing between 
January and April.  The individuals who disappeared would all have been near 12 months in 
age—too young for dispersal or survival without the mother (Glander, 1992).  This rate of 
disappearance was higher than any other age or sex class during the same time period, indicating 
that juveniles experienced disproportionately high mortality throughout the dry season.  Other 
studies have reported similarly high mortality for howlers during the first year of life (45% 
mortality at Hacienda La Pacifica [Clarke, 1982] and 40% mortality at Barro Colorado Island 
[Froehlich et al, 1981]).  The causes of death for the juveniles that disappeared at Ometepe are 
unknown; however, nutritional shortfalls likely explain, or at least contribute to mortality.  For 
example, DeGusta et al. (2003) found that mantled howler juveniles with small first molars 
experience greater mortality during the mixed-feeding phase (from 6 to 12 months), suggesting 
that difficulty meeting their dietary needs contributes to their elevated mortality during this time.  
Several other studies have also speculated that food stress more negatively impacts the 
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survivorship of juvenile primates as compared with adults (Froehlich et al., 1981; Janson and van 
Schaik, 1993; Bolter and Zihlman, 2006).  Similar increases in juvenile mortality during food 
shortages have been demonstrated in Lemur catta (Gould et al., 1999), Papio ursinus (Hamilton, 
1985), Macaca fuscata (Hanya et al., 2004) and  A. palliata  (Froehlich et al., 1981).  
 In the present research, multiple lines of evidence indicate that howlers at Ometepe 
experienced dietary stress during the dry season, thus suggesting an explanation for the 
disproportionately greater juvenile mortality during this time.  For example, phenological data 
show a reduction in overall food availability and in particular, a reduction of protein sources such 
as young leaves.  Howlers also altered their daily behavioral patterns to include more resting and 
less traveling during the dry season.  Milton (1980) has suggested that such energy conserving 
tactics may reduce caloric requirements and function as part of howlers’ overall behavioral 
folivory strategy.  The frequency and intensity of intergroup encounters at food sites also 
increased during this time—suggesting that food was scarce and more likely to be contested 
between groups.  Several other studies of various howler species have linked intergroup 
encounters with feeding competition, particularly during the dry season when fruits and young 
leaves were scarce (A. palliata: Cristóbal-Azkarate et al, 2004; A. fusca: Chiarello, 1995; A. 
seniculus: Sekulic, 1982).  Kowalewski (2007), however, finds little evidence to associate 
intergroup encounters with feeding competition in A. caraya and instead argues that these 
interactions function more for mate defense or for gathering social information; therefore, it is 
unclear whether or not increased intergroup encounters provide any evidence of food stress.   
 Another potential indicator of dietary stress may be an increase of “risky” foraging 
behaviors while food is scarce (Miller, 2002).  In the present study, howlers appeared to take 
more risks in order to acquire certain food items, such as unripe mangoes, during the dry months 
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when general food availability was low.  Howlers repeatedly returned to a single fruiting mango 
tree even though two adult females were killed at this location and the site was in close 
proximity to human activities and domestic dogs.  Stone’s (2007b) study on squirrel monkeys 
(Saimiri sciurius) also suggests that primates take more risks to aquire food when resources are 
scarce.  Stone (2007b) set up a “high-risk” platform that was exposed to open canopy and 
potential aerial predators, and a “low-risk” platform that was located within closed canopy and 
offered animals the ability to retreat if they spotted a predator.  During the dry season (when food 
was scarce), both adult and juvenile monkeys took more risks by feeding on the high-risk 
platforms when they contained a high reward (i.e., a large amount of baited bananas).  During the 
wet season (when food was maximally available), juveniles continued to seek food rewards from 
the high-risk platforms; adults, however, did not.  Although it is unknown whether the risk of 
predation varied seasonally at this site, Stone’s (2007b) study suggests that all age/sex classes 
were more likely to take risks to meet their nutritional needs during periods of food scarcity and 
that juveniles continually favored seeking food over protection from predation, regardless of the 
food available in the environment.  These results directly contradict the predictions of Janson and 
van Schaik’s (1993) ecological risk aversion hypothesis, which expects juveniles of slowly-
growing species to favor protection from predation and face increased risk of starvation  No 
predation events were witnessed during Stone’s (2007b) study; therefore, it is unclear whether or 
not juveniles’ potentially risky foraging behaviors placed them at a greater risk of being preyed 
upon. 
 In another study on predator-sensitive foraging in primates, Di Fiore (2002) predicted that 
when food availability was low, woolly monkeys (Lagothrix lagotricha poeppigii) would spend 
more time foraging in potentially vulnerable areas of the canopy (either high and exposed to 
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aerial predators or low and exposed to terrestrial predators).  Di Fiore (2002) found that the time 
monkeys spent foraging in the low canopy did not correlate with fruit availability (fruit made up 
nearly 80% of diet [Di Fiore and Rodman, 2001]), and in fact, time spent foraging in the exposed 
upper canopy was actually positively correlated with fruit availability.  These results indicate that 
when fruit was abundant, the monkeys spent more time foraging in hypothetically riskier areas 
than when fruit was scarce.  Although Stone’s (2007b) study partially conformed to the 
predictions concerning food stress and predator sensitive foraging, Di Fiore’s (2002) results did 
not.  The lack of consensus regarding how food availability impacts primate foraging decisions 
fails to clarify a relationship among risky foraging behavior (in terms of increased exposure to 
potential predators), food stress, and primate mortality.  Nonetheless, the present thesis suggests 
that during periods of food scarcity, howlers faced increased predation risks in order to acquire 
food. 
 Other factors—such as immune system functioning—that are indirectly related to food 
stress and resulting nutritional shortfalls, can also contribute to primate mortality.  
Gastrointestinal parasites increase in red colobus monkeys (Piliocolobus tephrosceles) when they 
live in degraded forest fragments that are in close proximity to humans and livestock (Gillespie 
and Chapman, 2006; Chapman et al, 2006)—a habitat similar to that of the howlers at Ometepe.  
Research on black howlers (Alouatta pigra) and mantled howlers similarly indicate an increased 
parasite load in populations that live in highly fragmented forest patches where they are 
frequently in contact with humans and domestic animals (Trejo-Macias et al., 2007).  Seasonal 
differences in parasitic infections have also been demonstrated.  For example, Stoner and 
DiPierro (2005) found that the prevalence of gastrointestinal protozoan parasites in A. pigra 
increased during the dry season when food was scarce and individuals were likely to be 
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nutritionally compromised.  The evidence from A. pigra indicates that both the frequency and 
intensity of parasitic infections were higher in juveniles than in adults (Stoner and DiPieirro, 
2005).  Stuart et al. (1998) suggest that juveniles’ developing immune systems increases their 
vulnerability to parasites, a factor which—despite the microbial protection offered through 
nursing (Goldman, 2002)—may have contributed to the elevated mortality rate of juvenile 
mantled howlers on Ometepe during the dry season.  
 
8.5  Dietary influences on maternal investment tactics 
 The results of this thesis demonstrate that diet has influenced the evolution of the mantled 
howler life history strategy by favoring the rapid completion of the juvenile period, during which 
individuals cannot effectively feed and forage on an adult-like diet.  However, the relationship 
between diet and life history is more complex than simply linking rapid growth with the 
consumption of tough leaves.  Rather, the entire suite of howler life history components 
(including factors such as growth rate, birth rate and timing of births, maternal investment, and 
age at weaning) must be considered in order to determine how selection has acted to maximize 
reproductive success in a primate whose diet can pose challenges to juveniles.  This section of 
the thesis explores the dietary influences on how long a mother nurses exclusively (the milk only 
phase) and when a juvenile begins to transition to solid foods (the mixed feeding phase).  
 
8.5a:  Maternal investment 
 A major contribution of this thesis is that it has helped clarify the role of diet on patterns of 
maternal investment.  Specifically, the observation of increased nursing at the onset of food 
scarcity indicates that mothers serve as important resources for their offspring when seasonal 
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conditions limit food availability.  In 2008, Langer proposed that a species’ dietary regime 
influences the timing and duration of the weaning process in mammals, implying a link between 
maternal invesetment and diet.  For mammalian species that eat “high quality diets” (i.e., high 
protein and little to no plant cell wall material), the mixed-feeding period of lactation is relatively 
short (Langer, 2008).  The rapid transition to dietary independence in these species results from 
their easily digestible adult diet, which poses few digestive challenges to weanling juveniles 
(Langer, 2008).  Conversely, in species that eat “low quality diets” (predominantly plant cell 
wall material), the milk-only period is short, but the mixed-feeding period is relatively extended 
(Langer, 2008).  This latter tactic appears to characterize howlers—whose diet consists entirely 
of “low quality” plant resources, and who continue to rely on milk for as much as 10 to 12 
months following the initial intake of solid food. 
 Pond (1984) and Vernon and Flint (1984) stress that one of the advantages of lactation is 
that milk can be synthesized from stored maternal fat tissue.  However, it has been well-
documented that milk production increases the energetic demands of lactating females (Altmann, 
1980; Butte and King, 2005; Clutton-Brock, 1991; DuFour and Sauther, 2002; Gittleman and 
Thompson, 1988; Hanwell and Peaker, 1977; Krockenberger, 2003; Lee, 1987; 1996; Muruthi et 
al., 1991; Nievergelt and Martin, 1999; Oftedal, 1984; Sikes, 1995).  Lee (1996) specifies that, 
depending on litter size, the daily energy requirements of many mammalian mothers increase 
from approximately two to five times those of non-reproductive periods.  For grasshopper mice 
(Onychomys leucogaster), a single offspring requires mothers to ingest 155% more energy 
compared to their non-reproductive state (Sikes, 1995).  Muruthi et al. (1991) showed that 
pregnant or lactating baboons (Papio cynocephalus) consumed 57% more energy than they did 
during periods of sexual cycling.  In a cross-cultural analysis of humans, Butte and King (2005) 
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found that the average increase in caloric intake for exclusively breastfeeding mothers was 
1.5MJ (approximately 358 calories) at peak lactation (when infants were aged 5 to 7 months). 
 Studies of non-primate mammals demonstrate that reductions in food availability can 
negatively impact the quality and quantity of a mother’s milk production, as well as the growth 
and survivorship of the offspring (European hare [Lepus eurpaenus]:  Valencak et al., 2009; 
mouse [Mus musculus]: Derrickson and Lowas, 2007; Iberian red deer [Cervus elophus 
hispanicus]: Landete-Castillejos et al., 2003).  Compared to other orders of mammals, primate 
milk is relatively dilute—a nutritional attribute that relates to the overall depressed growth rate of 
primates (Oftedal, 1984).  The slow growth rate and dilute milk of primates potentially gives 
them a buffer against dietary shortages (Oftedal, 1984).  Nonetheless, energy shortfall and 
malnutrition clearly have negative impacts on milk production and milk quality in primates.  
Roberts et al. (1985) found that captive baboons on restricted diets conserved energy by 
becoming inactive, but they still had reduced milk output compared to baboons fed adequate 
calories.  Milk composition did not vary between properly nourished and undernourished groups; 
however, the infants of calorically stressed females had reduced growth rates (Roberts et al., 
1985).  Brown et al. (1986) determined that nutritional status impacts both milk production and 
milk composition in humans.  In Bangledeshi women who suffered nutritional deficits, the fat 
and energy content of their milk was reduced (Brown et al., 1986).  Regardless of starting 
weight, mothers who were able to gain at least 200g during the first 3 months of lactation 
produced significantly more milk (with higher nitrogen and energy content) than mothers who 
failed to gain any weight (Brown et al., 1986).  Moreover, Brown et al. (1986) found that the 
women in the study produced less milk during a seasonal period of food scarcity, just prior to the 
major rice harvest of the year.   
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 The evolution of the mixed-feeding period helps reduce the overall energetic costs of milk 
production because the mother is freed from the responsibility of being the sole provider of her 
offspring’s nutrition (Langer, 2008).  From a mother’s perspective, offspring should begin 
feeding on solid food as early as possible:  this transition reduces the mother’s energetic stress, 
enabling her to utilize a greater proportion of the calories she consumes for her own bodily 
maintenance (and for future reproductive events) while she still provides supplemental nutrition 
to her offspring  (Langer, 2008).  Altmann (1980) calculated that by the time baboons (Papio 
cynocephalus) are 6 months old, mothers are unable to meet all the energetic requirements of 
both themselves and their growing offspring without entering a state of energetic deficit.  Such 
energetic deficit would result in maternal weight loss and compromised maternal health—factors 
that would translate into reduced offspring survivorship and reduced fitness for the mother 
(Altmann, 1980).  Altmann (1980: 57) therefore argued that energetic demands place “severe 
limits on the length and intensity of the lactational period” and that “there will be immediate and 
evolutionary pressure for factors that enable infants to provide some of their own energetic 
requirements.”  The present thesis supports this viewpoint by demonstrating that howler 
juveniles begin consuming solid foods early in their ontogeny but because they are unable to 
fully transition to an adult diet at this time, they remain in the mixed-feeding phase for as much 
as 10 months after the initiation of solid food intake.  This evidence implies that neither mother 
nor offspring could sufficiently provide all the energy and nutrients required for the offspring’s 
growth and survival; therefore, only by sharing these costs can the offspring meet all of its 
nutritional and energetic needs.  
8.5b  Maternal resource allocation 
 When considering maternal investment, it is important to recognize that the tactics for 
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maximizing reproductive success differ between mother and offspring, thus creating a situation 
of parent-offspring conflict (Trivers, 1974).  Natural selection should favor mothers who cease 
investing in any individual offspring (in order to begin investing in future progeny), while the 
offspring should continue to elicit investment from its mother (Trivers, 1974).  A balance must 
be struck between these two opposing objectives (Peaker, 1989), in order to result in mothers 
who invest enough in any single offspring to ensure its survival to reproduction and who then 
divert their energy towards future reproductive efforts. 
 Ultimately, reducing maternal energetic demands by having a relatively short milk only 
period and long mixed feeding period enables mothers to direct their energy to the production of 
future offspring.  The energy spent on reproduction must account for an individual’s overall 
reproductive value rather than just the survival of any given offspring or litter—thus implying 
that there is a theoretical trade-off between maternal energy allocation toward current and future 
offspring (Fisher, 1930; Williams, 1966b).   
 Several studies demonstrate examples of how investment in current offspring can 
compromise the production of future offsping.  In wolverines (Gulo gulo), non-breeding females 
were able to produce 3.2 times more offspring the following season than females who 
reproduced during two consecutive breeding seasons (Persson, 2005).  Moreover, females who 
successfully weaned kits (i.e., lactated and provisioned their young for the entire season) were 
less likely to reproduce again the following season than females who had lost their kits (i.e., had 
a shorter and less costly lactation and provisioning period) or who had failed to reproduce 
altogether (Persson, 2005).  These reproductive differences appear to be mediated by the energy 
a female can spend on reproduction:  the proportion of food-supplemented females (n=4) who 
reproduced in consecutive years was 5.5 times higher than non-supplemented females (n=11); 
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therefore, Persson (2005) concluded that food availability strongly influences female wolverine 
reproductive success.   
 Red deer (Cervus elaphus) offer another example of a species that faces trade-offs between 
current and future reproduction.  Reproduction in one year reduced fecundity in the following 
season (68.4% of nursing females reproduced during consecutive seasons, whereas 89.5% of 
non-nursing females did, n=562) (Clutton Brock et al., 1983).  Over a 6-year period, mortality 
was higher in red deer females who nursed young through the previous breeding season as 
compared with those who had not bred (81.1% of females who died had been nursing, whereas 
only 18.9% had not reproduced, n=37) (Clutton Brock et al., 1983).  Hadley et al. (2007) provide 
evidence that Weddell seals (Leptonychotes weddellii) face similar trade-offs.  Female seals who 
reproduced in any given year had a 3% lower chance of survival than non-breeding females.  
Although this difference seems small, Hadley et al. (2007: 455) argue that cumulative effect of 
such reduced survivorship would have “meaningful consequences for life span, and consequently 
for lifetime reproductive output.”  
 The predictions of life history theory indicate that long-lived species should restrict their 
investment in any given offspring (or litter) in the interest of maximizing their lifetime 
reproductive success (Williams, 1966b; Charnov and Krebs, 1974), thereby leading to a fixed 
level of investment (i.e., provisioning) per offspring (Ricklefs, 1987; 1992; Saether et al., 1993).  
Two species of singleton-producing pelagic sea birds (Oceanodroma leucorhoa and Thalassoica 
antarctica) offer an example of this fixity.  Ricklefs (1987) found that adult O. leucorhoa did not 
respond to their undernourished chicks by offering additional food, despite the offsprings’ 
increased demand.  T. antarctica that had experimental weights placed on their legs maintained 
their own body condition at the expense of their offsprings’ survival—indicating that these 
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parents traded current for future reproduction (Saether et al., 1993).  These studies suggest that in 
some species, parents may be unwilling to exceed a fixed setpoint of investment that could 
jeopardize their ability to produce future offspring (Erikstad et al., 1997).   
 Other species do not appear to ascribe to a fixed level of parental investment and instead 
are more flexible in whether or not they allocate energy to current or future offspring.  Erikstad 
et al. (1997, 1998) found that puffins (Fratercula arctica), another singleton-producing, long-
lived seabird, determine their level of parental investment depending on environmental 
conditions and the chick’s prospects of survival.  In an experimental cross-fostering study, small, 
nutritionally stressed foster chicks grew more rapidly than large foster chicks—suggesting that 
parents responded to the small chicks’ increased nutritional needs, rather than simply offering a 
fixed level of investment (Erikstad et al., 1997).  However, not all parents responded in the same 
manner:  28% of foster parents (n=55) deserted their chicks.  The average body mass of the 
deserted chicks was approximately 20 grams smaller than those that were maintained, suggesting 
that parents were able to weigh the increased costs of rearing these smaller chicks and “choose” 
whether or not to invest, depending on the chicks’ chances of survival (Erikstad et al., 1997).  
Such flexibility in investment has clear implications for species living in unpredictable or 
stochastic environments—essentially allowing parents to “choose” to invest in a current 
offspring or withhold such investment until they can produce future offspring during more 
favorable environmental conditions (Erikstad et al., 1997; 1998).  
 Compared to the other atelines, howlers may place more of an emphasis on shifting their 
investment to future offspring because features of howler life history enable them to have a 
relatively large reproductive output.  Howler females begin reproducing around 3.5 years (43 
months), and interbirth interval is approximately 20 to 22.5 months (Glander, 1980; Fedigan and 
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Rose, 1995).  Glander (1980) documented that females at least as old as 16 years still reproduce.  
These data indicate that a female howler could produce as many as 6.62 to 7.48 offspring during 
her lifetime—a figure that is elevated compared to several of the other atelines.  For example, 
Ateles females first reproduce around 7 years of age and have an average interbirth interval of 
31.9 months (Milton, 1981).  Although exact reproductive lifespan is unknown, Milton (1981) 
found that A. geoffroyi females at Barro Colorado Island who were at least 22 years old were still 
reproducing.  Using these figures, an average Ateles female would be capable of producing 5.64 
infants during her lifetime—a number that falls slightly below that of Alouatta.  Similarly, 
Lagothrix females first reproduce around 9 years of age and have an average interbirth interval 
of 36.7 months (Nishimura, 2003).  Reproductive lifespan, again, is unknown, but Ange-van 
Heugten et al. (2008) speculate that the average last reproduction for wild Lagothrix occurs 
around 20 years of age.  These data indicate that a Lagothrix female is capable of producing 
fewer offspring that either Alouatta or Ateles—just 3.59 infants in her lifetime.  Brachyteles, on 
the other hand, may be able to produce a similar number of offspring as Alouatta.   Although 
Brachyteles has a late age at first reproduction (9 to 9.5 years in the wild) (Martins and Strier, 
2004) and a relatively long interbirth interval (36 months) (Strier et al, 2006), Pope (1998) and 
Strier et al. (2006) found that females could reproduce until they were at least 30 years old.  
These data indicate that a Brachyteles female could give birth to 6.83 to 7.0 offspring during her 
life. 
 Howlers (and perhaps Brachyteles as well) have a higher potential lifetime reproductive 
output than the other atelines; however, as the evidence from this and other studies (eg., 
Froehlich et al., 1981) indicates, howlers also experience a relatively high mortality rate in early 
life.  Froehlich et al. (1981) report 40% mortality during the first year of life; this thesis 
! 228!
demonstrates 46% mortality in the first 6 months and a 50% mortality from approximately 6 
months to one year.  Comparative mortality rates for the other ateline species are difficult to 
determine in the wild but tentatively suggest that they may experience fewer infant and juvenile 
deaths than do howlers.  Shimooka (2003) provides mortality rates for wild Ateles that range 
from 20% to nearly 64% in the first two years; McFarland-Symington (1988) indicates a 33% 
mortality during the first year.  Data for wild Lagothrix infant and juvenile mortality are not 
available, but in captivity, DiFiore and Campbell (2006) and Mooney and Lee (1999) report an 
approximately 7% mortality during the first year.  Debyser (1995), however, finds a nearly 50% 
mortality for captive Lagothrix during the same time frame.  Strier (2000) does not provide exact 
figures but indicates that wild Brachyteles has a low infant mortality; DiFiore and Campbell 
(2006) similarly report a nearly 100% survival rate for this species during the first year.  These 
data suggest that particularly compared to Ateles and Lagothrix, howlers produce more infants, 
but they may die more frequently.   
 Having both a high reproductive output and a high infant and juvenile mortality rate 
strongly indicate that howlers prioritize a rapid shift from energy expenditure in current offspring 
towards future offspring.  Moreover, because howlers (and perhaps Brachyteles) have a higher 
potential lifetime reproductive output than the other atelines, they may be afforded more 
flexibility in their maternal investment tactics.  For example, a howler female may be able to 
“choose” whether to prolong her investment in the current offspring or whether the conditions 
warrant withholding such investment (at the expense of the current offspring’s survival) and 
shifting her reserves to a future reproductive event.  Ateles and Lagothrix females may not have 
this same opportunity:  because they are able to produce fewer offspring in their lifetime, their 
reproductive success may depend more on the survival of the current offspring, even if it 
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diminishes their future reproductive endeavors.  Additional ateline data on the timing of the shift 
from the milk only to the mixed feeding period are necessary in order to determine how mothers 
allocate resources between current and future reproduction. While ultimately having 
consequences for a species’ life history strategy, the proximate factors influencing the transition 
from the milk-only to the mixed-feeding period are mediated by diet (Langer, 2008).  Howlers 
appear to follow the general folivorous mammal trend of having a relatively short milk-only 
phase (which presents the high costs to mothers), followed by a lengthened mixed feeding period 
(which presents much lower costs to mothers) (Langer, 2008).  It is expected that howlers shift to 
the mixed feeding period relatively earlier than the more frugivorous atelines, and therefore 
howler mothers can more rapidly utilize their energy investment for the next offspring.  One of 
the major contributions of this thesis is the clarification that the relationship between dietary 
factors and maternal resource allocation ultimately helps explain the variation seen in primate 
life history parameters.  Moreover, this thesis indicates that resource toughness plays a critical 
role in maternal investment and parent-offspring conflict.  Gross dietary categories alone do not 
provide a sensitive enough measure to answer how feeding patterns relate to life history: 
juveniles cannot be fully weaned until they can masticate an adult-like diet.  Therefore, the 
ability to effectively and efficiently cope with resource toughness may ultimately underlie 
mammalian life history evolution.  
 
8.6  Dietary influences on the timing of reproductive events 
 This thesis also addresses the issue of how seasonal variation in food availability affects 
the timing of reproductive events, such as conception, birth, and the initiation of the weaning 
process. Where patterns of food scarcity and abundance are predictable, two distinct reproductive 
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tactics exist: income breeding and capital breeding (Figure 8.1).  In income breeding species, 
females conceive while food availability is low, and mid-lactation is timed to coincide with peak 
food abundance (Brockman and van Schaik, 2005; Stearns, 1992; van Schaik and Brockman, 
2005).  Conversely, when females are “capital” breeders, conceptions occur while food is 
abundant, but resources may be scarce throughout lactation (Brockman and van Schaik, 2005; 
Stearns, 1992; van Schaik and Brockman, 2005).  Capital breeders are therefore expected to 
accumulate fat stores throughout pregnancy in order to support the costs of lactation (van Schaik 
and Brockman, 2005).  The major difference between these two tactics is that income breeders 
rely on external signals (such as length of daylight) to cue reproduction, whereas capital breeders 
rely more on internal signals (such as fat stores and energy balance) to initiate reproductive 
events (van Schaik and Brockman, 2005).  A third seasonal breeding tactic, which van Schaik 
and Brockman (2005) term “relaxed income” breeding, is intermediate between strict income 
and capital breeding.  Females may rely on photoperiod to a certain extent in order to trigger 
conception, but they may also have a “set-point-to-conception” threshold in body fat that must be 
met before they can conceive (van Schaik and Brockman, 2005: 286).  This strategy enables 
more flexibility; for example, if females achieve an optimal body condition even outside the 
photoperiod that usually triggers conception, they will still be able to conceive (Brockman and 
van Schaik, 2005). 
  Given that mantled howlers often live in markedly seasonal habitats (Glander, 1978; 
Milton, 1980; Stoner, 1996), which—if any—of these reproductive strategies do they follow?  
Strictly seasonal breeding has not been reported for A. palliata (Clarke, 1982; Estrada, 1982; 
Glander, 1980; Milton, 1982); however, some studies of various Alouatta species have found 
evidence of birth concentrations in the dry months, while food is typically scarce.  Fedigan and 
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Rose (1995) found that over a period of 10 years, significantly more mantled howler births 
occurred during the dry season in Santa Rosa National Park, Costa Rica.  Similarly, 3 years of 
data on red howlers (A. seniculus) in Hato Masaguaral, Venezuela revealed that births clustered 
in the dry season (Crockett and Rudran, 1987)—evidence that Brockman and van Schaik (2005) 
use to classify A. seniculus as a relaxed income breeder.  Kowalewski and Zunino (2004) 
demonstrate that at sites where food availability is markedly seasonal, A. caraya conceived while 
fruit was abundant but gave birth in the dry season, when resources (particularly young leaves) 
were scarce.  Conversely, in habitats where food supply was more constant, conceptions and 
births exhibited no seasonal pattern (Kowalewski and Zunino, 2004).    
 Similar to these studies, the present research also found a birth peak in the dry months of 
December and January, the beginning of a nearly 4-month period during which young leaves 
were scarce.  Given an approximately 6-month gestation period, most conceptions would have 
occurred during June and July—wetter months when howlers consumed more fruits (ripe and 
unripe) and young leaves.  Food would be scarce during early lactation, but young leaves would 
again become available by peak lactation, when the mother’s energetic costs were the highest.  
Based on 7 years of longitudinal research, however, Glander (1980) cautions that howler birth 
patterns can be quite variable.  In some years, births were highly clustered (i.e., 80% of infants 
born during a 3-month period), but in other years, births were scattered throughout the year.  
Overall, Glander (1980) found no statistically significant pattern of birth seasonality throughout 
the 7 years of research.  Kowalewski and Zunino’s (2004) results are in accord with Glander’s 
(1980) conclusions:  the reproductive patterns of Alouatta are quite flexible and these species are 
capable of making adjustments to the timing of reproductive events based on local fluctuations in 
food availability.  Such results support the idea that Alouatta may be a relaxed income breeder, 
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as suggested by Brockman and van Schaik (2005).  The results of this thesis suggest that females 
may require a certain threshold of fat accumulation prior to conception, but this reproductive 
event is not necessarily tied to variation in rainfall and overall food availability.  Rather, 
whenever individual females are able to build up sufficient caloric reserves, conception may be 
possible. 
 Regardless of whether or not A. palliata may be a relaxed income breeder or completely 
aseasonal, the situation on Ometepe from August 2006 through August 2007 indicates that the 
milk-only phase occurred during the driest months.  The onset of the mixed-feeding period 
generally coincided with the flushing of young leaves—tender, high-protein resources.  This 
birth pattern also resulted in juveniles being 10-12 months old during the following dry season.  
Although juveniles were nearing complete weaning age, they continued to nurse throughout the 
dry months while food was scarce.  Juveniles’ survival may have been contingent on their ability 
to combine their own foraging efforts with continued nursing.  In order to support this 
contention, data demonstrating that the juveniles who died suffered shortfalls, both in nursing 
and in foraging are necessary.  Nonetheless, this thesis suggests that as a result of general food 
scarcity, females could not simply increase their food intake in order to provide additional milk 
for their juvenile offspring.  Because food scarcity may limit the milk females can provide (Lee, 
1987), some of the costs of growth and development must be assumed by the juvenile offspring 
themselves.  This reproductive condition is similar to another folivorous primate, Presbytis 
entellus, living in seasonal habitat at Ramnagar, Nepal.  Female langurs give birth during the 
scarce period of the year and, consequently, early lactation occurs while food availability is low 
(Koenig et al., 1997).  Koenig et al. (1997) argue that such a reproductive strategy is possible 
because infants begin to eat solid food at an early age and can therefore compensate for their 
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mother’s poor nutritional status during lactation.  Again, this shift to the mixed-feeding period 
allows infants and juveniles to take on some of their own growth costs and ultimately enables 
mothers to begin allocating their resources towards future offspring. 
  
8.7 Milk as a fallback food 
 A critical element of the mantled howler reproductive strategy—and perhaps of mammals 
more broadly—may be their ability to use milk as a fallback food for juveniles during times of 
resource scarcity.  Recent research has focused attention on the importance of fallback foods in 
the evolution of human and non-human primate craniodental and digestive anatomy, foraging 
and ranging patterns, and even social systems (Cuozzo and Sauther, 2006; Doran et al., 2002; 
Laden and Wrangham, 2005; Lambert et al, 2004; Lambert, 2007; Marshall and Wrangham, 
2007; Rogers et al., 2004; Vogel et al., 2008; Wrangham et al., 1998); however, none of these 
studies considers milk as a fallback resource.  Marshall and Wrangham’s (2007) stringent 
definition of fallback foods (see Chapter 1) assumes that during seasons when general food 
availability is reduced, there will be a shortage of succulent or proteinaceous resources and a 
relative abundance of low quality, difficult to masticate resources that require special anatomical 
adaptations.  This concept of a fallback food adequately summarizes the seasonal dietary patterns 
and cranio-dental morphology of several primate species.  For example, Yamashita (1998) 
investigated the relationship between tooth form and diet in 5 lemur species and found that molar 
morphology was most closely adapted to either the toughest or hardest foods consumed, rather 
than the foods eaten on a daily basis.  Yamashita (1998) did not specifically term these resources 
as “fallback foods;” nonetheless, her research suggests that primate tooth form may be most 
closely associated with the rarely eaten, lower quality foods that are consumed during critical 
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periods of scarcity (such as extremely hard, ripe tamarind pods:  Cuozzo and Sauther, 2006), 
rather than the common foods consumed on a regular basis.  Lambert et al. (2004) similarly 
found that the thick tooth enamel of the gray-cheeked mangabey (Lophocebus albigena) enables 
this species to consume very hard bark and seeds when higher quality, softer fruits are 
unavailable. 
 The dental morphology of chimpanzees and gorillas reflects the types of fallback foods that 
each of these taxa eats as well (Ungar, 2004).  Even during times of food stress, chimpanzees 
still rely predominantly on fruits, which they process by grinding with their flat, rounded, molar 
surfaces (Ungar, 2004).  In contrast, gorillas shift to tougher, fibrous foods, such as leaves, pith, 
and stems, which they can effectively process with shearing their crests and steep molar cusps 
(Ungar, 2004).  Fallback foods are also implicated in the evolution of hominin dental 
morphology.  Laden and Wrangham (2005) argue that relying on tubers and plant roots as 
fallback foods shaped the evolution of thick enamel and large, molarized pre-molars in early 
hominins.   
A recent study conducted by Porter et al. (2008) questions some of the assumptions 
regarding fallback foods.  Porter et al. (2008) found that although Callimico goeldii never 
consumed pod exudates during the wet season, they heavily relied on this resource during the dry 
season (approximately 20% of the diet), when overall food availability was reduced.  However, 
these exudates do not fit the traditional fallback food definition because they are not low quality 
resources that require special anatomical adaptations for processing.  First of all, Porter et al. 
(2008) found that exudates are high energy in terms of their non-structural carbohydrate content.  
Secondly, specially evolved gut adaptations for digesting exudates were not necessary:  the gut 
morphology callimicos use to digest fungi (a common resource that composes 42% of the annual 
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diet) is simply co-opted to extract usable energy from exudates (Porter et al., 2008).  Callimicos 
also lack cranio-dental traits, such as procumbent incisors for gouging, that are typically 
associated with gum feeding (Rylands et al, 2000).  Porter et al. (2008) found that C. goeldii 
obviate this potential problem by opportunistically feeding only on pods that have fallen from the 
tree and do not require gouging.  Therefore, although Callimico “falls back” to exudates when 
other foods are scarce, this resource fails to match many of the strict criteria outlined by Marshall 
and Wrangham (2007). 
The present study similarly indicates that Wrangham and Marshall’s (2007) fallback food 
definition may be too stringent, particularly when considering the seasonal dietary tactics of 
juvenile howlers.  This research provides compelling evidence that juvenile howlers “fall back” 
to their mother’s milk during periods when food—and protein in particular—is scarce.  Although 
juvenile and adult howlers had statistically identical dietary profiles, the early adoption of an 
adult-like diet posed foraging challenges to juveniles.  When compared to adults, juveniles spent 
more time foraging each day and more time foraging relative to the time they spent feeding.  
This research also indicates that juveniles have a lower overall dietary toughness profile than 
adults.  In addition, nursing time peaked at the onset of the dry season, and milk remained an 
important resource for juvenile howlers until young leaves began flushing again.  Therefore, 
continued reliance on milk throughout a seasonally stressful period strongly implies that 
juveniles rely on—or “fall back” on—their mother’s milk when available resources and their 
own foraging efforts fail to meet their nutritional and energetic requirements. 
Milk differs from Marshall and Wrangham’s (2007) definition of a fallback food because 
milk is neither an abundant resource, of poor quality, nor associated with dental and masticatory 
specializations.  Instead, the quantity of milk is limited by the diet of the mother (Peaker, 1989), 
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and milk itself is a high quality food in terms energy, fat, and protein content (Altmann, 1998; 
Oftedal, 1984).  Moreover, milk is not associated with the masticatory adaptations that Marshall 
and Wrangham (2007) consider an essential aspect of a fallback food.  Milk does, however, 
require certain digestive specializations:  namely, the ability to digest lactase (i.e., milk sugar).  
Aside from some human populations, only infants or young juveniles are capable of digesting 
lactase; this ability declines throughout the weaning process and is absent in adult mammals 
(Lomer et al, 2008). 
Despite these discrepancies from the traditional definition of a fallback food, this and 
other studies show milk to be a critical resource for juveniles during times of food stress.  Nowell 
and Fletcher (2007; 2008) do not specifically define milk as a “fallback food,” but they find that 
milk serves an important role in sustaining juvenile western gorillas (Gorilla gorilla gorilla) 
through seasons when easily digestible, succulent fruits are scarce.  They maintain that continued 
nursing buffers juveniles from the more difficult to digest, fibrous resources that are available 
throughout the period of fruit scarcity.  One of the most important contributions of Nowell and 
Fletcher (2007: 452) is their proposal that “the availability of food items within the environment 
can ultimately determine when an individual can achieve independence from the mother.”  The 
current thesis supports and expands this viewpoint by providing evidence that the availability of 
appropriately fragile resources structures the weaning process and maternal investment.  Nowell 
and Fletcher (2007) point out that even though continued investment the current offspring may 
delay production of future offspring, prolonged nursing reduces the chances of the current 
offspring’s death and therefore may ultimately result in increased reproductive success for the 
mother.   
The present study on juvenile mantled howlers reaches similar conclusions:  mothers 
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serve as “fallback foods” for juvenile offspring during periods of protein scarcity.  Because 
juveniles also forage independently throughout this time, mothers minimize the cost of their 
current investment, while maximizing the chance for their offspring to survive and contribute to 
their own reproductive success.  As Altmann (1998) demonstrated, the quality of the diet during 
early ontogeny is fundamental in establishing reproductive fitness and ultimately, evolutionary 
impact.  In this manner, the mixed-feeding period of maternal investment may have evolved in 
order for milk to serve as a “fallback food” that enables juveniles to maintain high dietary quality 
throughout critical periods of development, but does so with minimal costs to the mother’s 
lifetime reproductive fitness. 
 
8.8  Relating howler life history to the “fast versus slow” or dissociable models  
 The proximate goal of this study was to determine whether or not leaf toughness could 
explain the rapid growth rate of mantled howler monkeys.  Ultimately, these results help 
distinguish between the “fast versus slow” continuum (Charnov and Berrigan, 1993; Harvey and 
Clutton-Brock, 1985; Harvey et al, 1987; Promislow and Harvey, 1990; Read and Harvey, 1989; 
Ross, 1988; 1992; 1998; Sacher, 1959; Sacher and Staffeldt, 1974) and the dissociable (Leigh 
and Blomquist, 2007; Pereira and Leigh, 2002; Leigh and Bernstein, 2006; Raff, 1996; Williams, 
1966a) life history models.  In order to accept an overall accelerated life history trajectory 
mediated by howlers’ folivorous diet, juveniles were expected to avoid difficult to process, tough 
leaves, and growing rapidly would therefore enable them to acquire the dental and digestive 
capabilities to consume these resources.  Results demonstrated that from an early age, juveniles 
ate an adult-like diet in terms of food composition but not mechanical properties.  This thesis 
argues, that the adoption of an adult like dietary pattern poses significant challenges to juveniles, 
as evidenced by their reduced foraging efficiency, preference for a diet low in overall toughness, 
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and elevated mortality during the weaning process.  These results indicate that dietary factors do 
impact howler life history but that leaf eating does not necessarily correspond with a universally 
accelerated developmental trajectory. 
Resolving the relationship between howler diet and life history is accomplished by 
recognizing that the “fast versus slow” continuum does not adequately explain howler life 
history.  Although many aspects of howler life history seem to fall along a “fast” continuum 
(e.g., accelerated somatic growth, dental maturation, and the early intake of solid foods [Clarke, 
1982; 1990; Froehlich et al., 1981; Godfrey et al., 2003; Leigh, 1994]), the results of this thesis 
instead indicate the dissociability of these parameters.  For example, rather than rapidly 
transitioning from milk to a solid food diet, juvenile howlers lingered in the mixed-feeding stage 
for 10 or more months past the intial intake of solid food.  Moreover, nursing did not steadily 
decrease throughout this period, as would be expected if traits were tightly integrated along a 
“fast” continuum.  Rather, nursing time began to fall but exhibited a sharp increase just at the 
onset of the dry season when food became scarce.  In terms of dietary proficiency, juveniles 
rapidly began eating the same plant species and dietary categories as adults—a result that 
initially supports the idea of an overall accelerated life history trajectory.  Closer inspection of 
resource mechanical properties, however, demonstrates that even though juveniles ate the same 
foods as adults, the juvenile diet was approximately 25% lower in overall toughness and 
juveniles had a compromised foraging efficiency.  This evidence of dietary difference indicates 
that despite a rapid growth rate, howlers experience a delay in the adoption of feeding and 
foraging indepencence.  Bezanson (2006, 2009) similarly found that howlers are relatively 
delayed in their transition to locomotor proficiency.  Because different aspects of howler life 
history—including growth rate, the phases of weaning, and the transition to a fully adult diet—
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vary independently from one another, this thesis proposes that howler life history should be 
characterized as dissociable rather than uniformly accelerated.  Juveniles begin eating solid foods 
relatively early in life—a tactic that enables juveniles to contribute to their own growth and 
development, while minimizing maternal energetic costs.  However, mothers are still able to 
mitigate offspring feeding and foraging deficiencies by providing milk as a “fallback” food when 
juveniles cannot meet their own nutritional and energetic requirements.  Ultimately, this 
reproductive strategy results in a species that has considerable flexibility in whether to allocate 
energy expenditure towards current or future offspring, depending on environmental conditions.  
This perspective focuses more on how howlers negotiate the costs of growth and reproduction, 
rather than regarding absolute growth rate itself as an adaptation to a particular dietary regime.  
 
8.9  Conclusion 
 This thesis has examined the ontogeny of feeding and foraging behavior in a wild 
folivorous primate and determined that although juveniles are capable of consuming an adult-like 
diet early in their ontogeny, the transition from milk to a solid food diet does not come without 
challenges.  Juveniles suffer foraging inadequacies, appear to favor a diet lower in overall 
toughness than adults, and experience a high mortality during the weaning process.  “Falling 
back” to their mothers’ milk may be one way that juveniles attempt to mitigate the costs of 
growth during this risky period.  Although juveniles still “fall back” to milk throughout the 
mixed-feeding period, the nutrition they provide themselves from their own foraging efforts 
substantially reduces the mother’s energetic burden.  By sharing the costs of growth between 
mother and offspring, howlers are able to maintain an evolutionary strategy that enables mothers 
to rapidly shift their investment from current to future offspring.   
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 The results of this thesis also importantly indicate that the howler life history trajectory is 
not uniformly accelerated.  While growth rate in this species is more rapid than closely related 
atelines, the weaning process may be relatively extended and certainly does not proceed at a 
steadily decreasing rate.  Combined with previous research which indicates that howler 
locomotor proficiency is also relatively delayed (Bezanson, 2005; 2009), these results support 
the theoretical perspective that life history traits are dissociable from one another and can vary 
independently, rather than being tightly integrated along a fast or slow continuum. 
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Figure 8.1: (from van Schaik and Brockman, 2005).  Mode (A) depicts income breeding, 
wherein females give birth prior to food peak and use external cues to initiate breeding.  
Mode (B) depicts capital breeding, in which females respond directly to increased food 
availability as the initiator of breeding cycle. 
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CHAPTER 9:  DIRECTIONS FOR FUTURE RESEARCH AND CONCLUSIONS 
 
9.1  Directions for future research 
 The present study has focused on the ontogeny of feeding and foraging behavior in a 
folivorous-frugivorous ateline primate, Alouatta palliata—a geographically wide-ranging species 
that can be found in a variety of habitats (Cortés-Ortiz et al., 2003).  The study site of this 
dissertation—La Isla de Ometepe—is relatively dry and seasonal, similar to other A. palliata 
research locations, such as Hacienda La Pacifica, Costa Rica.  Seasonal differences in dietary 
patterns and juvenile mortality rates were central themes of this thesis.  Because the dry, seasonal 
conditions of Ometepe represent only one possible A. palliata habitat, it is important to conduct 
future research on the foraging ontogeny of mantled howlers that live in locations that are wetter 
and less seasonally fluctuating in terms of rainfall and food abundance.  Expanding this database 
to include howlers that live, for example, in wet evergreen forests (i.e., Stoner, 1996; Estrada et 
al., 1999) will clarify whether or not the results of the present study are broadly applicable across 
the range of howler habitats.  Some questions to consider in these future studies include:  1) In 
environments where rainfall is nearly constant year round, are there still fluctuations in food 
availability and howler dietary patterns?  If so, do these fluctuations correlate with any pattern in 
howler juvenile mortality?  2) Do juveniles living in these habitats acquire feeding/foraging 
proficiency early in their ontogeny?  3) Is the mixed-feeding period relatively lengthened, as is 
seen in more fluctuating habitats, and if so, can milk be considered a fallback food for juveniles 
living in less seasonal environments? 
 In addition to continued research on mantled howlers, data on other primate species are 
necessary to elucidate the relationship between life history parameters and dietary patterns.  
! 243!
Altmann’s (1998) seminal study demonstrated that lifetime reproductive fitness is established by 
the quality of diet consumed during the weaning period; however, Altmann (1998: 299) himself 
maintained that these results “clearly call for independent confirmation in other studies, on other 
populations, and with larger samples.”  The present thesis is a direct response to Altmann’s 
(1998) call for expanded research on primate feeding ontogeny, and these results on mantled 
howler monkeys corroborate Altmann’s (1998) findings that primates achieve foraging 
competence rapidly in their ontogeny.  Several other studies addressing the acquisition of 
primate feeding ontogeny are also aligned with Altmann’s results (e.g. Boinski and Fragaszy, 
1989; MacKinnon, 2005; Stone, 2004; Tarnaud, 2004; Watts, 1985); however, none have been as 
detailed as Altmann’s (1998) original research.  Expanded ontogenetic data across the broad 
spectrum of primate dietary patterns are necessary in order to account for the wide range of 
feeding and foraging strategies that primates employ.  Such research should focus on answering 
whether or not there may be fundamental differences in the acquisition of foraging competence 
that correlate with specific dietary patterns.  For example:  are there primate diets that enable 
rapid foraging proficiency and others that require prolonged periods of practice before adult-like 
skill level is attained?  If so, what are the attributes of each of these diets that contribute to either 
the early or late onset of feeding and foraging proficiency? 
Another important aspect of future field research is the investigation of maternal 
investment tactics in order to determine how mothers allocate resources throughout their 
reproductive lives.  For many primate species, only vague estimates exist for weaning ages, and 
there are little to no data on the different stages of lactation.  Therefore, it is impossible to 
determine the length of the milk-only versus mixed-feeding period.  Lacking such information, 
little can be definitively said concerning how mothers (or in some cases, fathers and other 
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alloparents) allocate their energy between current and future offspring and how much the 
offspring may contribute to their own growth and development.  These data are necessary in 
order to draw comparisons and contrasts among species and even across orders of mammals.  
Ultimately, a more expanded database on the different phases of lactation, combined with data 
on dietary patterns, will help create a clearer picture of how diet has influenced the evolution of 
mammalian life history strategies. 
A particularly important area of future research will be to investigate the ontogeny of 
feeding behavior and maternal investment strategies in other species within the ateline clade.  
This thesis has proposed that howlers rapidly shift their energy allocation from current to future 
offspring—a life history strategy that is expected to markedly differ from that of the more 
frugivorous ateline taxa (most notably, Ateles and Lagothrix).  Similar studies are necessary 
across the atelines in order to determine whether or not these species have a more obligate 
investment in current, rather than future, offspring.  Consideration of Brachyteles will be 
particularly important as well.  Although Brachyteles is generally thought to be less folivorous 
than Alouatta (de Carvalho et al., 2004), Strier (1991) reported that leaves comprise just over 
50% of the annual diet.  If folivory at least partially explains Alouatta life history, diet does not 
have the same relationship with developmental and reproductive tactics in Brachyteles.  This 
taxon is one of the most slowly maturing atelines, and it has a correspondingly extended 
interbirth interval (Strier, 1996; 2006; Nishimura, 2003; Martins and Strier, 2004).  Yet 
paradoxically, Brachyteles may have a nearly equivalent reproductive potential as Alouatta—a 
result of the former’s allegedly long reproductive lifespan (Strier et al., 2006).  Future research 
should focus on clarifying Brachyteles’ dietary pattern and life history features.  In particular, 
more attention must be focused on maternal investment tactics and resource allocation in 
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Brachyteles.  These data will help determine whether Brachyteles’ reproductive strategy is more 
aligned with Alouatta (i.e., favoring future offspring, but with considerable flexibility) or with 
the other atelines, which may involve more compulsory investment in the current offspring. 
Incorporating a longitudinal component to future studies on primate feeding ontogeny is 
also vital.  Aside from Altmann’s (1998) 20-year study on baboons, no other research directly 
investigating primate foraging ontogeny has been as long-term or comprehensive.  Additional 
longitudinal research projects are necessary in order to determine the applicability of Altmann’s 
(1998) finding that the weanling diet accurately predicts lifetime reproductive success.  Life 
historians frequently cite Altmann’s (1998) research as evidence that early ontogenic dietary 
patterns correlate with evolutionary impact (e.g., Leigh, 2004; Leigh and Bernstein, 2007; Leigh 
et al, 2003; Stone, 2004; 2007a); however, it is important to note that Altmann’s (1998) original 
project followed only a relatively small sample of 11 juveniles, and the results applied 
specifically to only 6 females.  These small sample sizes reduce the statistical power of the 
results (Chakraborti et al., 2006) and necessitate additional research projects in order to 
determine the validity of Altmann’s (1998) conclusions.  Such longitudinal research on wild 
primates is difficult to conduct because of their generally slow development, long lifespans, and 
dispersal patterns (Stearns et al., 2003).  Few studies other than Altmann’s (1998) have followed 
individuals from infancy throughout the completion of reproductive period (but see Goodall, 
1986; 1990), yet this type of research is necessary in order to expand our knowledge of how 
early dietary patterns ultimately impact evolutionary fitness.  Some questions this future research 
must address include:  1) Does the relationship between diet in early ontogeny and female 
lifetime reproductive success characterize species other than baboons?  2) Does early ontogenetic 
dietary quality correlate with male reproductive success, or is this phenomenon restricted solely 
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to females?  3) In species that may not have early acquisition of adult-like dietary patterns, is 
there still a link between diet in early ontogeny and lifetime reproductive success?  If so, do these 
juveniles achieve a high dietary quality as a result of provisioning by mothers, fathers, or other 
conspecifics?  4) Are there other factors, such as maternal social status, that may correlate with 
offspring lifetime reproductive fitness, and if so, how (if at all) do these factors relate to dietary 
quality? 
 In addition to expanded behavioral data, basic physiological and anatomical data are 
necessary in order to better understand how juveniles transition to an adult diet.  Investigations 
into the development of the gut microflora will be particularly crucial to ascertain how juveniles 
physically attain the ability to eat solid foods.  Gut microflora are necessary to digest plant foods, 
but while the offspring is completely provisioned by milk, the gut is not colonized by these 
microorganisms (Langer, 2008).  During the mixed-feeding period—when the offspring initiates 
solid food intake—microbial colonization takes place, and weaning can only occur once a 
functional microbial population has been established in the digestive tract (Langer, 2008).  The 
processes through which the gut is initially prepared for the first solid food intake remain 
unknown, but Langer (2008) postulates that this preparation may occur very early in ontogeny, 
during the milk-only phase.  Even in humans, it is still largely unknown how the gut of the 
newborn transitions from a sterile environment to one that contains a fully functioning system of 
microflora (Bezirtzoglou, 1997).  Expanded data on this period of microbial inoculation—which 
enables the transition to solid food—is crucial, particularly in light of the compelling evidence 
that early dietary proficiency correlates with lifetime reproductive success.  Because gut microbe 
data can be easily acquired through fecal samples, this future research requires both a field 
component (to observe dietary patterns and collect samples), and a laboratory component (to 
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analyze the gut microbiome).  Such projects on primates are already underway (Nakamura, 
2009) but lack a crucial developmental component.  Incorporating this developmental 
information can be accomplished by collecting fecal samples of infants and juveniles throughout 
their ontogeny and conducting laboratory analyses to compare their gut microbe populations with 
that of adult conspecifics (their mothers in addition to other group members).  This research 
should incorporate a field component, with detailed information on the study subjects’ feeding 
behavior, and should include a range of primate species with diverse dietary patterns.  In this 
manner, these data can be used to determine if there are differences in gut microbe colonization 
that may correlate with specific dietary regimes. 
 
9.2  Conclusions 
This thesis investigated the ontogeny of feeding and foraging patterns in Nicaraguan 
mantled howler monkeys to clarify the relationship between diet and life history in primates.  
The goal of this research was to evaluate the hypothesis that accelerated growth and maturation 
in folivorous primates (Leigh, 1994) enables these species to rapidly and efficiently meet the 
masticatory and digestive challenges of a leaf-based diet.  In order to support this hypothesis, I 
expected to find that early in their ontogeny, juveniles exhibited dietary differences from adults 
and that juveniles preferred more fragile resources.   Results initially seemed to refute this 
hypothesis by indicating that the juvenile and adult diets were nearly identical in terms of gross 
dietary category and plant species consumed.  However, analysis of average dietary toughness 
demonstrated that juveniles’ overall dietary pattern resulted in a toughness profile that was lower 
than adults.  Moreover, juveniles’ increased mortality rate throughout the weaning transition and 
their tendency to “fall back” to their mothers’ milk during the dry season (when available 
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resources were the toughest) suggests that they faced nutritional shortfalls as they fed and 
foraged on an adult-like diet.  Therefore, although juveniles were able to consume the same 
resources as adults, they did so at a reduced capacity and with reduced efficiency.  These results 
ultimately provide support for the original hypothesis linking the accelerated growth of 
folivorous primates with the challenges of their leaf based diet.  Growing rapidly through this 
period of compromised juvenile feeding and foraging ability may be a life history adaptation that 
keeps mortality risks minimal (e.g., Williams, 1966a). 
This thesis also addresses the larger theoretical issue of whether life histories should be 
viewed as tightly integrated systems or as many dissociable components that may respond to 
separate selection pressures.  Although mantled howlers grow rapidly (Leigh, 1994), are dentally 
more precocious than the frugivorous atelines (Godfrey et al., 2003), and begin consuming an 
adult-like diet at the onset of the weaning process (present study), howlers’ transition to dietary 
independence is not uniformly accelerated.  After an initial decline in nursing time as feeding 
time increased, juvenile howlers then increased their nursing time again just at the onset of the 
dry season.  This evidence of “falling back” to their mothers’ milk indicates a reversal in the 
“fast” life history trajectory and instead provides evidence that individual life history parameters 
can be dissociable.  Bezanson (2006; 2009) provides further evidence of the dissociability of 
howler life history traits, showing that howlers are relatively delayed in their locomotor 
proficiency.  These results indicate that characterizing a species’ life history as either “fast” or 
“slow” can be inaccurate and that research must focus on individual life history components in 
order to understand the evolution of developmental and reproductive strategies. 
This thesis also sheds light on the interrelationships among dietary patterns, maternal 
resource allocation tactics, and the evolution of life history strategies.  DuFour and Sauther 
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(2002) contend that maternal energetic expenses are lower in anthropoid primates (including 
humans) as compared to other mammals because fetal and offspring growth rates are slow.  
Moreover, mothers may use a variety of tactics to meet the relatively minor increases in 
energetic requirements throughout pregnancy and lactation—which may include some 
combination of increasing food intake, decreasing energy expenditure, and utilizing previously 
accumulated fat stores (DuFour and Sauther, 2002).  The present research demonstrates that the 
offspring’s own foraging abilities may also reduce maternal energy expenditure.  Like other 
folivorous mammals (Langer, 2008), howlers have a short milk-only phase (when all nutrients 
and energy are derived from the mother) relative to the mixed-feeding phase (when juveniles 
provide some of their own nutrition and energy).  This tactic keeps maternal costs at a minimum, 
as juveniles rapidly take on some of their own growth costs through independent foraging 
efforts.  In this manner, the evolution of early foraging precocity in howlers and other folivorous 
mammals may be part of a larger life history strategy that reduces maternal energetic demands 
and enables a rapid shift of resource allocation towards future offspring.  
 The reduction of maternal energy expenditure is also an important feature underlying the 
evolution of our own species’ unique life history trajectory.  Gurven and Walker (2006) contend 
that humans’ slow growth from the onset of weaning through puberty (Leigh, 2001) helps reduce 
mothers’ energetic costs and enables females to have short interbirth intervals and to care for 
more than one offspring at a time.  Although periods of slow growth are also seen in other 
primates (such as squirrel monkeys:  Garber and Leigh, 1997), these species do not exhibit a 
similar reduction in interbirth interval and the production of overlapping offspring.  Humans are 
likely set apart by cultural practices and social systems that enable expanded provisioning of the 
young by other group members (Blurton Jones et al., 1999; Hawkes et al., 1998; Hawkes, 2003; 
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Kaplan et al., 2000; Hrdy, 2005; Kramer, 2005).  Whereas in most non-human primates, the 
mother bears the brunt of supporting her offspring’s growth (but see tamarins: Price and Feistner, 
1993; Ruiz-Miranda et al., 1999; Garber, 1999; Feistner and Price, 2000), in humans, 
grandmothers (Blurton Jones et al., 1999; Hawkes et al., 1998; Hawkes, 2003) or other group 
members of either sex (Hrdy, 2005; Kaplan, 2005) also contribute to offspring provisioning.  
These cultural practices spread the costs of offspring growth across a range of individuals and 
have had far-reaching consequences for the evolution of human life history. 
For example, one such consequence may be an elimination of the trade-offs between 
current and future offspring.  In their long-term (from 1977 to 1995) study of the Ache people of 
Paraguay, Hill and Hurtado (1996) were unable find any evidence that investment in current 
reproduction resulted in a reduced ability for future reproductive efforts.  Even across non-
human primates, it is ambiguous whether or not the predicted trade-offs between current and 
future reproduction exist (Leigh and Blomquist, 2006).  Lack of trade-offs could be explained 
by: 1) a sufficiently high resource acquisition across all individuals of the population -or- 2) 
more variation in individual resource acquisition than in how these individuals allocate their 
resources (van Noordwijk and de Jong, 1986).  In the latter scenario, trade-offs are obscured 
because higher quality individuals obtain more resources and are therefore able to allocate more 
energy to both reproduction and somatic maintenance.  Conversely, trade-offs will be apparent 
when there is little variation among individuals in resource acquisition, but a large amount of 
variation in individuals’ resource allocation (van Noordwijk and de Jong, 1986).  More research 
is necessary in order to determine whether or not howlers and the other atelines face trade-offs, 
but the evidence from this thesis tentatively suggests that howlers may trade current reproduction 
for future reproduction.  The howler reproductive strategy involves minimal investment in the 
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current offspring, in order to build or maintain bodily reserves for future reproduction.  Langer’s 
(2008) research suggests that this strategy may be at least partially related to howlers’ folivorous 
diet, which facilitates a rapid shift from the milk-only to the mixed-feeding period.  Other 
atelines, with more frugivorous/ominivorous diets, may employ a distinct strategy—having a 
more obligate investment in the current offspring at the expense of their chances for future 
reproduction. 
 In sum, this thesis has demonstrated that, although the rapid growth rate of howler 
monkeys cannot be simply explained by the demands of an adult-like diet, dietary factors indeed 
contribute to the evolution of the howler life history strategy.  Previous studes, which have 
regarded only gross food categories, have overlooked the importance of recource mechanical 
properties in foraging behavior, and this thiesis introduces an entirely new way in which diet can 
influence life history.  Juvenile howlers begin consuming all the same foods as adults from very 
early in their ontogeny, demonstrating that they are capable of eating these resources even while 
their digestive and craniodental anatomy are still developing.  However, juveniles’ high mortality 
rate and preference for a diet lower in overall toughness than adults’ suggests that the demands 
of a leaf-based diet pose challenges to juveniles during the weaning transition.  This thesis 
proposes that juveniles solve these problems by “falling back” to their mothers’ milk in order to 
compensate for their own dietary shortfalls.  Combining foraging precocity with continued 
suckling facilitates rapid juvenile growth throughout this period of risk, while minimizing 
maternal energy expenditure.  The result is a life history strategy that enables mothers to rapidly 
shift their energy investment from current to future offspring. 
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